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ABSTRACT

Steel reinforced polymer (SRP) composites are a strengthening material that
consist of continuous high-strength steel cords embedded in a polymeric matrix. SRP has
demonstrated a high potential for providing additional flexural and shear strength in
existing concrete structures when bonded to the concrete surface. However, premature
debonding from the concrete substrate at low load levels is a major shortcoming of SRP
composites. It has been demonstrated in previous studies that anchors can limit the effect
of debonding in fiber reinforced polymer (FRP) composites by increasing the load
capacity and ductility of the composite-concrete interface.
This study aims to investigate the effectiveness of using spike-shaped fiber
anchors for SRP composites. The composite used in this study consisted of high-density
sheets of steel fibers embedded in an epoxy matrix externally bonded to a concrete prism.
Furthermore, the spike-shaped anchorage system was implemented by inserting steel
fibers into pre-drilled holes in the concrete prism. Eight specimens were tested in singlelap direct shear for this experimental program. This study investigated the effect the
presence and location of spike-shaped anchors along the bonded composite length have
on the bond behavior of SRP. Strain data were also collected for all specimens by means
of Digital Image Correlation (DIC) technology. The results of the study demonstrated the
unanchored specimens failed by composite debonding, while the anchored specimens
failed by fiber rupture or debonding of the anchor fibers from the composite The results
also showed that the presence of anchors increases the load capacity and ultimate global
slip with respect to the unanchored specimens.
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NOMENCLATURE

Symbol

Description

AFRP

Aramid fiber reinforced polymer

CFRP

Carbon fiber reinforced polymer

DIC

Digital image correlation

EB

Externally bonded

FDZ

Fully developed zone

FRP

Fiber reinforced polymer

g

Global slip

gmax

Global slip corresponding to maximum load in applied load-global slip
response

gult

Global slip corresponding to ultimate load in applied load-global slip
response

GFRP

Glass fiber reinforced polymer

HD

High density

Leff

Effective bond length

LVDT

Linear variable displacement transducer

LD

Low density

MD

Medium density

P

Applied load on SRP composite specimen

P*

Relative peak load prior to onset of interfacial crack in applied load-global
slip response of specimen

Pcrit

Critical load corresponding to the debonding plateau in the load response
of unanchored specimens

Pdeb

Theoretical debonding load of SRP specimens

xiv
Pmax

Maximum load in applied load-global slip response of specimen

Pult

Ultimate load in applied load-global slip response of specimen;
corresponds to specimen failure

RC

Reinforced concrete

SRG

Steel reinforced grout

SRP

Steel reinforced polymer

SFZ

Stress-free zone

STZ

Stress transfer zone

tf

Equivalent thickness of steel fibers

1. INTRODUCTION

1.1. PROBLEM DEFINITION
Over the service life of a reinforced concrete (RC) structure, there is often a need
to improve its load-carrying capacity; this is often attributed to aging of the concrete or
changes in loading patterns on the structure. Over the past few decades, various methods
for the rehabilitation of existing concrete structures have been proposed. One of the first
successful techniques proposed was externally bonded (EB) steel plates; this consists of
attaching steel plates to the surface of the concrete. However, this method has many
drawbacks: the plates are heavy; they are costly to install, as they have to be fabricated
off-site and delivered to the site; and they often require mechanical fastening (Kalfat and
Al-Mahaidi 2016).
Seeking a need for a lighter and more cost-effective method of rehabilitation, the
use of fiber reinforced polymer (FRP) composites was introduced; these composites
consist of fibers embedded in an organic polymeric matrix. FRP composites have several
advantages when compared to externally bonded steel plates, namely lower weight, ease
and lower cost of installation, and higher tensile strength, corrosion resistance, and
durability (Kalfat and Al-Mahaidi 2016; Skuturna and Valivonis 2016). The first FRP
composites commonly used and investigated for structural applications included carbon
FRP (CFRP), glass FRP (GFRP), and aramid FRP (AFRP); however, CFRP and GFRP
are more commonly used because they are less expensive than AFRP. While FRP
composites have been proven as an effective means of concrete rehabilitation, the fibers
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for CFRP and GCRP composites are costly and exhibit brittle failure modes (Figeys, et
al. 2008).
In recent years, there has been a growing interest to develop more cost-effective
solutions for concrete rehabilitation; this has led to the introduction of steel fiber
reinforced polymer, or SRP. SRP composites consist of uniaxial sheets of cords made by
twisting high tensile strength steel wires and embedded in a polymeric matrix (Ascione,
et al. 2017). The cords are typically galvanized or coated to prevent corrosion. While
SRP composites have many of the same benefits as the original FRP composites (i.e., low
weight, ease of installation, high tensile strength, high corrosion resistance, and high
durability), they also exhibit additional benefits as a result of the properties of steel. In
addition to being less expensive than CFRP and GFRP, the SRP fabric can be stretched or
bent without compromising its strength or integrity (Krzywon 2016). Furthermore, the
twisting of the steel wires in the cords provides a better bond with the matrix; slightly
twisted cords allow for resin penetration, forming a mechanical interlock and integrating
the fibers with the matrix (Pecce, et. al. 2006; Krzywon 2016). Another advantage of SRP
is the high stiffness and ductility of the steel cords compared to carbon or glass fibers
(Ascione, et al. 2017).
Investigations over the past two decades have demonstrated that SRP can be used
effectively in a wide variety of applications for concrete retrofitting and strengthening.
Numerous studies have been conducted investigating the effect EB SRP strips have on
the flexural and shear behavior of RC beams (Wobbe, et. al. 2004; Huang, et. al. 2005;
Kim, et. al. 2005; Pecce, et. al. 2006; Prota, et. al. 2006; Napoli and Realfonzo 2015;
Krzywon 2016). These tests concluded that the SRP composite significantly improved the
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flexural strength of beams, with strength increases of 30 to almost 150% depending on
the test (Wobbe, et. al. 2004; Huang, et. al. 2005; Kim, et. al. 2005; Prota, et. al. 2006).
Additionally, Prota et. al. determined that while SRP is less effective than CFRP for
improving the beam flexural strength, it is more effective in terms of improving the
ultimate deflection (2016). Furthermore, Kim et. al. determined that SRP U-wraps are
effective as shear reinforcement for beams, as they are effective in restraining the growth
of diagonal shear cracks in beams (2005). SRP has also been proven effective in
improving the load rating of existing concrete bridge girders (Lopez, et. al. 2007) and for
repairing heavily damaged concrete beams (Alghazali, et. al. 2019). Lastly, SRP has been
demonstrated to provide a compressive strength increase of up to 50% when used as
confinement for concrete columns (Sneed, et. al. 2017).
Currently, according to the author’s knowledge, there is no literature regarding
the anchorage of SRP composites. As discussed in Section 2 of this thesis, there are many
different systems that are effective for anchoring EB FRP, including FRP fiber anchors,
U-jackets, and nailed plates. It has been well demonstrated that FRP fiber anchors are
able to postpone or entirely halt debonding of the composite plate; this can lead to
enhanced load-carrying capacity and composite deformability (Zhang, et. al. 2017).
Recently, a spike-shaped fiber anchor design for FRP composites was investigated by
researchers (Kalfat and Al-Mahaidi 2016; Zhang and Smith 2012).
There are many advantages of using spike-shaped fiber anchors. Spike-shaped
fiber anchors are inexpensive, and they are flexible and easy to install. Additionally,
composites installed using a wet layup process do not require installation holes; these
holes are costly, they reduce the cross-section of the FRP composite, and they can cause
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notch effects during loading, which affects the bond behavior. Lastly, there is direct load
transfer from the FRP composite to the base material through the anchor without
significant slip between the composite and anchor. As a result, prestressing is not
required for this type of anchorage system to be effective, as the anchors are engaged at
relatively low load levels.
Inspired by the design of spike-shaped fiber anchors for FRP, the objective of this
study was to develop an effective spike-shaped fiber anchorage system for SRP that
improves the performance of bonded SRP composites by increasing capacity and
ductility or even mitigate debonding.

1.2. OBJECTIVES
The goal of this research was to determine the influence of spike-shaped SRP
fiber anchors on the bond behavior of SRP composites externally bonded to a concrete
substrate. Specific objectives were to:
•

Evaluate the load-carrying capacity and failure mode of EB SRP
composites with spike-shaped fiber anchorage compared to unanchored
specimens;

•

Determine the influence of anchorage location on the effectiveness of the
spike-shaped fiber anchorage system;

•

Determine the influence of the spike-shaped fiber anchorage system and
its location on the strain distribution along the composite bonded length of
EB SRP composites;
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•

Investigate a potential method for collecting strain data from EB SRP
composites; and

•

Contribute to the engineering research community by presenting one of
the first studies on direct testing of spike-shaped fiber anchored SRP
composites.

1.3. SCOPE AND LIMITATIONS
This section provides the scope of the research program and the limitations that
affect the experimental program.
1.3.1. Scope. The scope of this study included the following tasks to accomplish
the objectives discussed in the previous section:
•

Conduct a review of the current literature regarding the use of SRP
composites, FRP composites, and FRP anchorage systems in structural
concrete strengthening applications;

•

Design, fabricate, and test a matrix of SRP-concrete joint direct shear test
specimens where the parameter varied was the anchor location along the
SRP composite bonded length (80 mm, 160 mm, and 240 mm); and

•

Analyze the influence of the presence and location of spike anchors on the
applied load-global slip response and strain distribution along the
composite bonded length.

1.3.2. Limitations. This study is not intended to be an exhaustive campaign
covering all possible variations. The following limitations should be noted:
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•

The experimental work and subsequent analysis in this study investigates
SRP composites, and it does not include other FRP composite types used
in concrete structural strengthening applications (GFRP, AFRP, CFRP);

•

The SRP composite selected for this study includes fibers with a sheet
density of 2000 g/m2, referred to herein as high density (HD) fiber sheets,
and other fiber sheet densities are not investigated;

•

SRP-concrete joints are the focus of this campaign, and other substrate
materials are not covered (e.g., masonry); and

•

This study investigates a single type of anchorage system (i.e., spike
anchors).

1.4. SUMMARY OF THESIS CONTENT
The problem statement, objectives, scope, and limitations of this study are
provided in Section 1. The background information necessary to understand this study is
presented in Section 2. This is achieved with a literature review of previous and current
research over a variety of topics; these include a variety of applications for FRP and SRP
composites, an in-depth review of the bond behavior of SRP composites, and a summary
of the current research on the anchorage of FRP composites (including both direct and
indirect testing). Section 3 of this thesis describes the experimental program; this includes
materials, specimen design and fabrication, and test setup. Section 4 presents the results
of the experimental program and provides an analysis and discussion of the influence of
the tested parameter. A summary of the key findings and conclusions from those findings
are presented in Section 5. Appendix A presents the applied load-global slip response
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curves for the specimens. Appendix B presents the individual and average LVDT
readings for the specimens. Lastly, Appendix C presents the Digital Image Correlation
(DIC) strain distribution results for the specimens.
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2. BACKGROUND

2.1. GENERAL
To fully understand the SRP-concrete composite behavior, small scale tests have
been conducted to describe the bond behavior of SRP. The most common experimental
test methods, general failure mode, applied load-global slip response, and stress transfer
mechanisms for SRP composites are discussed in Section 2.2. FRP anchorage studies
reported in the literature are discussed in Section 2.3; these provide a basis for anchorage
studies of EB composite systems. In this background section the anchorage studies have
been divided into two categories: indirect anchorage testing and direct anchorage testing.
Indirect anchorage studies do not directly study the effect anchorage has on the bond
characteristics of the composite; instead, they provide a general understanding of how the
anchorage enhances the strengthening system for certain applications. These studies can
be done for a variety of strengthening applications (flexural, shear, torsion, etc.) where
some of the specimens have anchorage. Direct anchorage studies directly test the bond
characteristics of the composite, particularly studying the effect of the anchorage. These
include small scale bond tests, such as the single-lap direct shear test, that directly
examine the effect the anchorage system has on the bond behavior of the composite.

2.2. SRP BOND BEHAVIOR
This section discusses the general behavior of SRP bonded to a concrete substrate;
this includes the experimental testing methods, failure mode, load-global slip response,
and stress transfer mechanism.
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2.2.1. General. The bond behavior of SRP composites has been the subject of
several studies over the past two decades (e.g., Figeys, et. al. 2008; Mitolidis, et. al. 2008;
Ascione, et. al. 2017; Carloni, et. al. 2017, Zou and Sneed 2020). These studies are only a
portion of the available research on SRP composites; nonetheless, they provide a
fundamental understanding of the bond behavior of SRP. The techniques used in these
studies (and other SRP bond behavior studies) followed the processes researchers used to
study the bond behavior of FRP composites; the methods for test setup, data collection,
and analysis have been adapted successfully from FRP studies to SRP studies. However,
it has been demonstrated from the available research that SRP composites do not exhibit
the same bond behavior as FRP composites. Thus, it is necessary to have a basic
understanding of the failure mode, applied load-global slip response, and stress transfer
mechanisms if the bond behavior of SRP composites is to be understood. These topics are
discussed in detail in the following subsections.
2.2.2. Experimental Testing Methods. Investigations of the bond behavior of
SRP composites are primarily conducted using small-scale tests. Although indirect tests
for beam flexure and shear are valuable for the information they provide regarding the
performance of the composite in real-world applications, they are not able to directly
study the failure mode, global slip response, or stress transfer relating to the composite’s
bond behavior. Accordingly, other testing methods have been adopted for SRP bond
study that were used in previous FRP bond behavior research. A summary of the tests
setups available for studying the bond behavior of FRP is shown in Figure 2.1 (Mukhtar
and Faysal 2018). There are three primary bond test configurations used to study the
shear bond behavior of FRP composites: these are the single-lap shear test, double-lap
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shear test, and beam test. There is some variation within the single- and double-lap
shear tests, which is dependent on the location of the support condition (near the
loaded/near end or near the free/far end), as shown in Figure 2.2. The single- and doublelap shear tests are referred to as direct shear tests, although the single-lap shear test is not
a pure shear test due to the inherent eccentricity between the load and support. The other
two test types, the mixed-mode loading test and direct tension test, are used to study the
mixed mode (Mode I – opening and Mode II – shearing) and tensile bond behavior,
respectively. However, these two test types are less commonly employed, as SRP
composites are rarely used for significant mixed-mode or direct tension applications.
The studies briefly mentioned in Section 2.2.1 used a number of these bond tests.
The studies by Figeys et. al. (2008) and Mitolidis et. al (2008) used the far-end supported
double-lap shear test method (Figure 2.2a). The studies by Ascione et. al. (2017) and
Carloni et. al. (2017) used the near-end supported single-lap shear test method (Figure
2.2d). Additionally, the study by Carloni et. al. (2017) also used the notched-beam test, a
variation of the beam test shown in Figure 2.2e. These testing methods have proven
effective for both FRP and SRP studies in studying the direct shear bond behavior of the
composite-concrete substrate interface.
2.2.3. Failure Mode. One of the primary research goals for SRP bond behavior
studies is to determine the failure mode of the composite. Studies report that failure of the
composite system occurs due to either interfacial failure of the SRP-concrete interface or
rupture of the fibers (Kim, et. al. 2005; Figeys, et. al. 2008; Napoli and Realfonzo 2015;
Ascione, et. al. 2017; Carloni, et. al. 2017). These failure modes are similar to those
commonly reported in studies of the FRP-concrete interface. Additionally, the failure of
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the SRP composite is often initiated by considerable slippage of the composite relative
to the concrete substrate.

Figure 2.1. Summary of bond test types for FRP composites (Mukhtar and Faysal 2018)

Figure 2.2. Configurations for FRP shear behavior tests (Yao, et. al. 2005)
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Studies have shown that the failure mode of the SRP composite depends both
on the properties of the concrete as well as the properties of the steel fiber sheet in the
SRP composite. It has been well-established that the bond strength of the FRP compositeconcrete interface is mostly dependent on the tensile strength and coarse aggregate
content of the concrete surface (Mukhtar and Faysal 2018). This can be said for SRP
composites as well, since delamination of the composite-concrete interface has been
shown to occur within the concrete cover (Kim, et. al. 2005; Ascione, et. al. 2017;
Carloni, et. al. 2017). Additionally, the study by Ascione et. al. (2017) reported that the
delamination of the composite-concrete interface was also dependent on the concrete
surface finish before application of the SRP; the thickness of the concrete layer removed
was 0.5-1.0 mm for a grinded finish and 2.0-3.0 mm for a bush-hammered finish, as
shown in Figure 2.3 (Ascione, et. al. 2017). Furthermore, the study by Carloni, et. al.
(2017) found that a bulb of concrete was attached to the free (unbonded) end of the SRP
strip after delamination; this is indicative of Mode I failure during the delamination of the
composite (Carloni, et. al. 2017).
It has also been determined that the failure mode of SRP is dependent on the
density (i.e., spacing) of the steel fibers in the composite sheet. An experimental study
conducted by Napoli and Realfonzo (2015) investigated the effects of EB SRP and EB
steel reinforced grout (SRG) on the flexural behavior of RC beams in four-point bending
(Napoli and Realfonzo 2015). The test program consisted of ten RC beams; one had no
external reinforcement, three were retrofitted with EB SRP, and six were retrofitted with
EB SRG. Each of the specimens using SRP had a different density of steel fibers in the
sheet; the fiber densities of the low density (LD), medium density (MD), and high density
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(HD) composite sheets were 0.157, 0.472, and 0.709 cords per mm, respectively. It
should be noted that the designations of the sheet fiber densities used by Napoli and
Realfonzo (2015) are different than the designations in this thesis. The study reported that
the beams with LD fiber sheets experienced fracture of the sheet in the constant-moment
bending section of the beam, while the beams with MD and HD fiber sheets experienced
delamination of the composite-concrete interface (Napoli and Realfonzo 2015).

Figure 2.3. Concrete layer thicknesses removed based on surface finish and bonded
length (Ascione, et. al. 2017)

2.2.4. Load-Global Slip Response. Another important aspect of understanding
the bond behavior of SRP composites is characterizing the applied load-global slip
response. The applied load-global slip has been reported in nearly all studies of SRP bond
behavior. In an experimental investigation consisting of 19 SRP single-lap direct shear

14
specimens, Carloni, et. al. (2017) investigated the bond behavior and interfacial
properties of EB SRP for various steel fiber sheet densities and concrete surface
characteristics. This study investigated the effect the density of steel fibers and the
surface the composite was applied to had on the load response, failure mode, effective
bond length, and fracture energy of the composites. The study proposed the general bondslip response shown in Figure 2.4 (Carloni, et. al. 2017). This relationship provides the
basis for understanding SRP bond behavior as discussed below.

Figure 2.4. Idealized applied load vs. global slip response proposed by Carloni, et. al.
(2017)

The idealized curve is derived from available data from SRP single-lap shear
tests. In Figure 2.4, the global slip (denoted as “g”) is defined as the displacement of the
fibers at the loaded end of the composite relative to the concrete substrate. At the
beginning of loading, the SRP composite exhibits a linear response. After the initial
linear portion, there is a nonlinear branch in the response until a relative peak load, P*, is
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reached; this is attributed to the formation of microcracks in the concrete layers
directly beneath the composite-concrete interface. After reaching the peak load, a sharp
drop in the load response occurs, marking the onset of interfacial crack propagation. As
the crack propagates along the bonded length of the composite, the load remains
relatively constant at an average value Pcrit until failure; Pcrit is determined as the mean
value of the load corresponding to the range of global slip [g1 – g2]. The relative peak
load P* is generally larger than Pcrit because of the greater energy required for crack
initiation. The range of [g1 – g2] is determined based on the strain analysis results and
varies for each test.
2.2.5. Stress Transfer Mechanism. The applied load-global slip response of SRP
composites can also be described in terms of the load-carrying portion of the bonded
composite. This load-carrying portion can be observed analytically using a plot of the
strain profile along the composite bonded length; an idealized strain profile of SRP is
shown in Figure 2.5. As the global slip increases during loading, three regions develop in
the length of the composite: the stress-free zone (SFZ), the stress transfer zone (STZ),
and the fully developed zone (FDZ) (Carloni, et. al. 2017). The SFZ is the region where
there is little or no strain in the composite; it is unloaded. Commonly characterized by an
“S-shaped” strain profile, the STZ is the region where stress transfer occurs, and this
region propagates along the composite length as the global slip increases. The FDZ is
where the strains in the composite are fully developed; this region is fully debonded and
increases in length as the global slip increases.
When the composite is initially unloaded, the SFZ comprises the entire length of
the composite. When loading begins, the STZ begins to develop from the loaded end and
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extends until it reaches its full length. After the STZ has been fully developed, the FDZ
begins from the loaded end as the global slip continues to increase. The initiation of the
FDZ corresponds to the sudden drop in load due to the initiation of debonding in Figure
2.4. As the global slip increases, the STZ propagates toward the unloaded end of the
composite with little increase in load, and the FDZ increases in size toward the unloaded
end. At failure of the composite bond, the STZ has reached the unloaded end of the
composite, where there is not enough interfacial strength to carry the required load.

Figure 2.5. Idealized strain profile of bonded SRP composite (Carloni, et. al. 2017)

After the STZ is fully developed, its length does not increase as the global slip
increases; this length is commonly referred to as the effective bond length and is an
important parameter when understanding the stress transfer mechanisms of FRP
composites. The effective bond length is defined in Ascione, et. al. (2017) as “the length
along the bonded surface which offers resistance to the applied load at failure.” The
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effective bond length, Leff, is the shortest bond length which develops the full stress
transfer mechanism of the composite-concrete interface; as such, increasing the provided
bonded length beyond Leff will not further increase the bond strength (Yao, et. al. 2005).
Additionally, composites with a bonded length less than Leff will not reach the maximum
peak load of the interface since the full stress transfer mechanism due to bond cannot be
fully developed.
In an experimental program conducted by Zou and Sneed (2020), 63 single-lap
direct shear specimens were tested to investigate the bond behavior of EB SRP by
varying the fiber sheet density and composite bonded length; this included load response,
failure mode, and stress transfer mechanism. Furthermore, this study also reported a
database of single-lap direct shear specimens previously tested in other studies; this
database was used to evaluate the effectiveness of applying four analytical models for the
debonding behavior of FRP to the behavior of SRP. It was determined that the FRP
model proposed by Chen and Teng (2001) was the most effective in estimating the
effective bond length and theoretical debonding load for SRP specimens; however, this
model tends to underestimate the effective bond length for SRP composites.

2.3. FRP ANCHORAGE TESTING
An extensive literature review was conducted by Grelle and Sneed in 2013 to
organize the available literature regarding anchorage of FRP composites (Grelle and
Sneed 2013). Furthermore, they organized the various test methods used in the reported
studies to analyze the performance of anchorage devices used with FRP composites. A
basic review of the available FRP anchorage studies is provided below; the studies
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summarized in the following sections were selected because they are relevant to this
study. Both indirect and direct FRP anchorage studies are discussed in the following
sections.
2.3.1. Indirect FRP Anchorage Testing. This section covers experimental
programs that indirectly study the effect of anchorage on FRP composites.
2.3.1.1. Micelli, Annaiah, Nanni, 2002. A study was conducted by Micelli,
Annaiah, and Nanni in 2002 to investigate the use of CFRP and AFRP for shear
strengthening applications. Twelve full-scale reinforced concrete T-beams in the
Malcolm Bliss Hospital in St. Louis were used in the experimental program. FRP sheets
oriented at 90° to the beam longitudinal axis were applied to 10 of the beams in five
different strengthening arrangements. Furthermore, six of the specimens also included an
end anchorage system. The anchorage system, shown in Figure 2.6, consisted of a glass
FRP rod inserted into a groove cut into each flange-web intersection of the beam. Prior to
insertion, the shear strengthening FRP sheets were wrapped around the rod, and then the
groove was filled with an epoxy paste. The floor joists were loaded with a hydraulic jack
that reacted on the above floor to impart the load on the joists. The load vs. deflection
curves were plotted for each specimen; from these curves the peak load and shear
contribution of the FRP were compared to calculated values.
The study found that the anchored FRP specimens attained higher peak loads
compared to the unanchored FRP specimens. The maximum observed strength increase
in the program was observed in a single U-wrapped member with end anchorage; it
exhibited a 39% increase in peak load compared to the control (unstrengthened)
specimen. The unanchored specimens, however, only attained a 12% increase in peak
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load over the control. Micelli et. al. attributed this difference to the anchor’s ability to
prevent (or delay) early debonding of the FRP sheets (Micelli, Annaiah, and Nanni 2002).

Figure 2.6. Anchorage device used by Micelli et. al. (2002)

2.3.1.2. Mofidi, Chaallal, Benmokrane, Neale, 2012. The study by Mofidi,
Chaallal, Benmokrane, and Neale in 2012 investigated various end-anchorage systems of
FRP composites for shear strengthening. Nine full-scale RC T-beams were tested in
three-point bending. Four end-anchorage systems were tested in the study as presented in
Figure 2.7: a) surface bonded flat CFRP bar end anchorage (SBFA); b) doublealuminum-plate mechanical anchorage (DAMA); c) embedded round CFRP bar end
anchorage (ERBA); and d) embedded, flat CFRP laminate end anchorage (EFLA). The
four systems were categorized into two groups: surface bonded anchors and embedded
anchors. The beams were each tested under displacement control at a rate of 2 mm/min;
load, deflection, and strain data were collected for each specimen during testing.
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The results of this study suggest that an end-anchorage system can enhance the
performance of FRP composites for shear strengthening applications. The results showed
that the beams strengthened with externally bonded anchors performed better than the
corresponding unanchored beams; these anchored beams achieved higher peak loads and
greater maximum deflections. The experimental data showed that the anchored FRP
specimens increased the shear capacity by as high as 41%, while the unanchored FRP
specimens only increased the shear capacity by 25% (Mofidi et. al. 2012).

Figure 2.7. Anchorage systems used by Mifidi et. al. (2012)

2.3.1.3. Skuturna and Valivonis, 2016. Skuturna and Valivonis conducted a
study in 2016 to investigate the use of anchorage for improving the flexural behavior of
RC beams strengthened with FRP composites. The experimental program tested RC
beams measuring 200 mm deep by 100 mm wide by 1500 mm long; CFRP strips were
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applied to the tension surface of all beams. The beams were separated into four overall
groups based on the anchorage technique used: these included no anchorage, steel pin
anchors, U-wrap anchors, and steel clamps. The steel clamps varied in size (50 to 150
cm2), number of bolts (2 or 4), and pretension pressure (0.5 to 2.0 MPa). The beams were
simply supported and loaded in four-point bending. Linear variable displacement
transducers (LVDTs) were placed at midspan of the beam to measure midspan deflection,
and strain gages were attached to the top, bottom, and sides at midspan to measure the
strains at midspan.
The results demonstrated that not only could CFRP be used to increase the
flexural capacity of RC beams, but also that end-anchorage systems could further
increase the flexural capacity by enhancing the bond capacity of the composite. It was
observed that in the steel-clamp anchorage specimens, the beams failed as a result of
CFRP rupture at midspan. The additional anchorage prevented debonding of the
composite, which was the failure mode for the unanchored specimens; this allowed the
FRP composite to attain ultimate capacity at midspan. Furthermore, the midspan
deflections of the steel-clamp anchorage specimens were at least 33% smaller compared
to the control (unstrengthened) specimens; comparatively, the deflections in the
unanchored specimens were only 21% smaller. It was concluded from this study that
providing anchorage for CFRP composites in flexural applications can change the failure
mode from interfacial debonding to fiber rupture, and it can contribute to greater
strengthening improvements (Skuturna and Valivonis 2016).
2.3.2. Direct FRP Anchorage Testing. This section covers experimental
programs that directly studied the effect of anchorage on FRP composites.
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2.3.2.1. Ceroni, Pecce, Matthys, Taerwe, 2008. In the study conducted by
Ceroni et. al. in 2008, the effect of various end-anchorage systems for FRP composites
was investigated by testing 14 T-shaped double-lap shear specimens. Each specimen had
a “superior” prismatic block and an “inferior” T-shaped block as shown in Figure 2.8. An
external mechanical system consisting of steel plates and glue was used to apply the FRP
to the “superior” block to ensure failure of the composite occurred in the “inferior” block.
Six of the specimens were fabricated with the composite bonded only to the vertical web
of the T-section (Figure 2.8a), while the other eight were fabricated so the FRP could be
applied to both the vertical and horizontal surface (Figure 2.8b). Four anchorage systems
were investigated: 1) steel plates glued over the FRP; 2) FRP plates glued on the FRP
laminate; 3) steel plates bolted to the concrete; and 4) a near surface mounted anchor,
where an FRP bar was placed in a longitudinal groove. The tests were displacement
controlled at a rate of 0.1 mm/min (Ceroni, et. al. 2008).
For each specimen, Ceroni, et. al. (2008) reported the failure mode, maximum
load, and variation in maximum load compared to the unanchored specimens. They also
presented strain profiles for some of the specimens, as well as the experimental shear
stress-slip relationship for both the anchored and unanchored specimens. They found that
in certain anchored specimens, the failure load was less than or equal to the unanchored
specimens; it was concluded that the detailing and application of the anchorage system
greatly influenced the system performance. Interestingly, they also found that the
specimens with FRP reinforcement on orthogonal surfaces of the T-shape experienced up
to a 30% reduction in the peak load when compared to equivalent specimens with FRP
only on the vertical surface; this suggests that extending the fibers to an orthogonal
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surface may be create a negative effect. Lastly, it was suggested from the experimental
shear stress-slip relationship that an anchorage system that provides a more uniform shear
stress distribution along the length of the composite could be used to enhance the
maximum load; this would also reduce the peak value of the shear stress along the length
of the composite.

Figure 2.8. Specimen configurations in Ceroni et. al. (2008)

2.3.2.2. Niemitz, James, Breña, 2010. Niemitz, James, and Brena’s 2010 study
investigated the effects of CFRP anchors on the behavior of FRP sheets bonded to a
concrete substrate. The anchor was fabricated by inserting a small segment of carbon
fiber mesh into a predrilled hole in the concrete substrate and securing it with an epoxy
resin within the hole. The remaining fibers of the anchor were then splayed out in a
circular arrangement, and the fiber sheet was placed and bonded to the existing anchor
with an epoxy resin.
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Eighteen specimens were fabricated for the experimental program. Each
specimen consisted of a concrete block measuring 860 mm wide by 1020 mm long and
with an FRP laminate of varying length and width, as shown in Figure 2.9. The
specimens were separated into three groups: Group A consisted of an FRP laminate
bonded to the concrete substrate without anchorage; Group B consisted of an FRP
laminate bonded to the concrete substrate with CFRP anchors at discrete points along the
length of the composite; and Group C consisted of an FRP laminate that was unbonded to
the concrete substrate and anchored only with CFRP anchors. The study investigated the
effects of bonded length, anchor scheme, anchor diameter, and anchor splay diameter on
the bond behavior of the FRP laminate. Specimens were loaded with a manual hydraulic
pump, and a number of strain gages were placed on the composite surface.

Figure 2.9. Specimen design in Niemitz et. al. (2010)

A major finding of this study was the effect the combined system had on the
strength of the composite: the specimens that relied on bond or anchorage alone (Groups
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A and C, respectively) did not perform as well as the specimens that relied on both. It
was also observed that the specimens with combined anchors and bonding consistently
attained higher peak loads and larger ratios of peak load to fiber failure load when
compared to the specimens that were either unanchored or unbonded. Lastly, it is
suggested that the force that can be transferred into the anchor is directly proportional to
the anchor splay diameter (Niemitz, et. al. 2010).
2.3.2.3. Zhang and Smith, 2012. A study was performed by Zhang and Smith in
2012 investigating the behavior of CFRP-concrete joints with CFRP anchors; the
anchorage system was similar to the system discussed from Niemitz et. al. (2010) in
Section 2.3.2.2. The experimental program consisted of 43 single lap direct shear
specimens, 41 of which had an anchorage system. The study evaluated the effects of the
number of anchors, position of anchors, and anchor installation procedure. Figure 2.10
presents a typical test specimen. Rigid anchors were fabricated by impregnating the
anchor fibers in the bend region with an epoxy resin; this made them “rigid” with respect
to the FRP laminate. Flexible anchors were installed without the epoxy in the bend region
of the anchor; this made them more flexible with respect to the FRP laminate, which
allowed deformation during plate slippage. The specimens were tested under
displacement control at a rate of 0.3 mm/min. Load, global slip, and strain data were
recorded throughout testing.
The experimental results suggest that having multiple anchors increased the loadcarrying capacity of the FRP composite; this was supported by an increased strain
utilization in the FRP plates. The maximum strain in the FRP composite strip during
testing was compared to the maximum strain in the bare FRP composite coupon tests; the
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ratio of these values was termed the “strain efficiency.” Specimens with one anchor
exhibited a strain efficiency of around 24% over the unanchored specimens. Additionally,
the rigid anchor specimens experienced an approximate 23% increase in strain efficiency
compared to the flexible anchors. This suggests that the rigid anchor system was stronger
than the flexible system, but at the expense of deformability (Zhang and Smith 2012).

Figure 2.10. Specimen design used by Zhang and Smith (2012)
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3. EXPERIMENTAL PROGRAM

3.1. OVERVIEW
This section summarizes the experimental program including the materials,
specimen design, specimen fabrication procedure, and test setup. Section 4 presents and
analyzes the experimental results.

3.2. MATERIALS
The materials used in this study consisted of a steel fiber reinforced polymeric
matrix composite system bonded to unreinforced concrete prisms. Furthermore, the same
polymeric matrix was used in certain specimens to bond the steel fiber anchors to the
concrete substrate; the anchors were made using the same steel fibers adhered to the
concrete substrate. The concrete used for the specimen prisms is defined in Section 3.2.1,
and the Steel Reinforced Polymer (SRP) components, i.e., the steel fiber and polymeric
matrix, are discussed in Sections 3.2.2 and 3.3.3, respectively.
3.2.1. Concrete. The concrete was made with normal-weight dolomitic limestone
coarse aggregate having a maximum size of 16 mm, natural river sand, and commercial
Type I/II portland cement. The design compressive strength of the concrete was 30 MPa
to represent concrete in existing civil structures that need strengthening. The proportions
by weight of the mixture were (cement: sand: aggregate) = (1.00: 3.33: 2.51); the watercement ratio was 0.59.
Cylinder compressive and splitting tensile strength tests were performed on 101.6
mm diameter by 203.2 mm long cylinders in accordance with ASTM C39/39M (2021)
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and ASTM C496/C496M (2017), respectively. These tests were performed with a
Tinius-Olsen universal compression/tension machine located in the Concrete Materials
Laboratory in Butler-Carlton Hall at Missouri S&T. Figures 3.1 and 3.2 show examples
of a cylinder compressive test and cylinder splitting tensile test, respectively, performed
on the loading machine. The compressive and splitting tensile strengths, each determined
from the average of four tests, were 36.3 MPa and 4.4 MPa, respectively. The coefficient
of variation (CoV) for the compressive and splitting tensile strength tests was 0.014 and
0.077, respectively.
3.2.2. Steel Fibers. The composite fibers were made of unidirectional highstrength steel cords. Each cord had a cross-sectional area of 0.538 mm2 and consists of
five wires: three straight wires formed the core of the cord, and the other two wires were
twisted around the central three in a helical manner (Kerakoll 2021a). The wires were
galvanized with a zinc coating and were laid on a fiberglass mesh backing to facilitate
installation (Kerakoll 2021a). According to the manufacturer, the fiber sheet had a tensile
strength greater than 3000 MPa and an elastic modulus greater than 190 GPa (Kerakoll
2021a).
KeraKoll GeoSteel G2000 fiber sheets, which had a sheet density of 2000 g/m2,
were studied in this experimental program (see Figure 3.3). These fiber sheets are
considered high-density (HD) fibers for the purposes of this study. The properties of the
fiber sheets provided by the manufacturer are given in Table 3.1. It should be noted that
the properties shown in Table 3.1 apply generally to relatively wide composites, having
many cords.
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(a)

(b)

Figure 3.1. Example cylinder compressive strength test: (a) without protective cage, and
(b) with protective cage

Figure 3.2. Example cylinder splitting tensile strength test

Figure 3.3. High-density steel fiber roll (Kerakoll 2021a)
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Table 3.1. Properties of fibers provided by the manufacturer (Kerakoll 2021a)
Fiber
Sheet
Type

Density of
Fiber
Sheets
(g/m2)

Area of
Steel
Cord, Acord
(mm2)

Number
of Cords
(/mm)

tf (mm)

Break
Deformation
(%)

Tensile
Strength
(MPa)

High
Density
(HD)

2000

0.538

0.472

0.254

>1.5

>3000

3.2.3. Polymeric Matrix. The polymeric matrix used in the SRP composite was
KeraKoll GeoLite Gel, a two-part thixotropic epoxy system manufactured for use with
KeraKoll GeoSteel products (Kerakoll 2021b). The two parts of the epoxy are a grey
paste (Part A) and the beige hardener paste (Part B) (Figure 3.4). The two parts are
combined at a mass mixing ratio of 3 kg Part A to 1 kg Part B (Kerakoll 2021b).
According to the manufacturer, the tensile strength, shear strength, and secant modulus
under compression are >14 MPa, >20 MPa, and >5.3 GPa, respectively (Kerakoll 2021b).

Figure 3.4. Tubs of two-part epoxy system (Kerakoll 2021b)
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3.3. SPECIMEN DESIGN
The experimental program included eight SRP-concrete joint specimens used to
study the bond behavior of steel reinforced polymer (SRP) composites. Single-lap shear
tests were conducted to study the effects of anchors on the interfacial shear behavior of
the SRP-concrete interface. The SRP-concrete joint single-lap shear specimens consisted
of an SRP plate bonded to a concrete prism, with or without anchors as described below.
In a preliminary (currently unpublished) study by another member of the research
group, similar tests of SRP-concrete joints with fiber sheet densities of 600 g/m2 and
1200 g/m2 (referred to as low density and medium density fiber sheets, respectively) were
investigated. Preliminary results of that study suggested that the use of fiber anchors was
able to change the failure mode from composite debonding to fiber rupture, and that the
anchorage system substantially increased the peak load of the SRP-concrete joint with
respect to the unanchored condition. The present study extends this work to SRP
composite with a higher sheet density (2000 g/m2), and therefore higher load associated
with fiber rupture, to examine the effectiveness of fiber anchors under larger load levels.
The specimens were named according to the notation DS_240_HD_X_Y, where
DS indicates the specimen was tested in direct shear, HD refers to high density fibers, X
refers to the anchorage condition, and Y refers to the specimen number within the same
series. All specimens had a composite bonded area of 50 mm width (24 fibers) by 240
mm length. Two of the eight specimens (DS_240_HD_Control_1 and
DS_240_HD_Control_2) were control specimens, having no anchors installed during
specimen construction. The other six specimens were designed with two anchors along
the bonded length of the SRP-concrete joint; two had anchors at a distance La = 240 mm
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from the loaded end (free end-anchored specimens, DS_240_HD_A-Low_1 and
DS_240_HD_A-Low_2), two had anchors at a distance La = 160 mm from the loaded end
(midlength-anchored specimens, DS_240_HD_A-Mid_1 and DS_240_HD_A-Mid_2),
and two had anchors at a distance La = 80 mm from the loaded end (loaded end-anchored
specimens, DS_240_HD_A-High_1 and DS_240_HD_A-High_2). In all specimens, the
anchor distance La is measured as the distance from the loaded end to the center of the
anchor hole. All anchored specimens had an anchor fiber overlap length d1 of 50 mm, an
anchor length d2 of 50 mm, and an anchor spacing S of 25 mm (center-to-center). These
dimensions are illustrated in Figure 3.5, and the parameters for each specimen are shown
in Table 3.2.

Figure 3.5. Composite bonded length details
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Table 3.2. Specimen parameters
Specimen ID

Anchors

La (mm)

d1 (mm)

d2 (mm)

DS_240_HD_Control_1

No

--

--

--

DS_240_HD_Control_2

No

--

--

--

DS_240_HD_A-Low_1

Yes

240

50

50

DS_240_HD_A-Low_2

Yes

240

50

50

DS_240_HD_A-Mid_1

Yes

160

50

50

DS_240_HD_A-Mid_2

Yes

160

50

50

DS_240_HD_A-High_1

Yes

80

50

50

DS_240_HD_A-High_2

Yes

80

50

50

The effective bond length Leff and the theoretical debonding load Pdeb for these
SRP specimens can be estimated using the analytical models for FRP proposed by Chen
and Teng (2001); as discussed in Section 2.2.5, it was determined in the study by Zou and
Sneed (2020) that this model can be effectively applied to SRP composites, although it
tends to underestimate the value of the effective bond length. This model is represented
by Equations 3.1 to 3.4 (Chen and Teng 2001).
𝐸 𝑡

𝐿𝑒𝑓𝑓 = √ 𝑓 𝑓
√𝑓 ′

(3.1)

𝑃𝑑𝑒𝑏 = 0.427𝛽𝑙 𝛽𝑤 𝑏𝑓 𝐿𝑒𝑓𝑓 √𝑓𝑐′

(3.2)

𝑐

1,
𝛽𝑙 = {

𝑖𝑓 𝐿 ≥ 𝐿𝑒𝑓𝑓

sin (𝜋𝐿⁄2𝐿

𝑒𝑓𝑓

𝛽𝑤 =

𝑏
2− 𝑓⁄𝑏
√ 𝑏𝑓 𝑐
1+ ⁄𝑏
𝑐

) , 𝑖𝑓 𝐿 < 𝐿𝑒𝑓𝑓

(3.3)

(3.4)
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For this experimental program, Ef is 190 GPa (190,000 MPa), tf is 0.254 mm,
f’c is 36.26 MPa, bf is 50 mm, bc is 125 mm, and L is 240 mm. Using these values yields
an effective bond length Leff of 90 mm and a debonding load Pdeb of 12.30 kN.
In the study by Carloni et. al. (2017), the bond behavior of SRP composites made
with the same high-density fiber sheets in this study was investigated; the number of
fibers in the specimens was also the same as in this study (24 fibers in 50 mm).
Furthermore, the concrete specimens in the study by Carloni et. al. (2017) had a splitting
tensile strength of about 2.6 MPa, which is about 60% that of the concrete prisms tested
in this study. Carloni et. al. (2017) determined the effective bond length Leff of the HD
SRP specimens to be about 120 mm, which is 25% greater than the effective bond length
calculated using the model by Chen and Teng (2001). The study also determined the
debonding load Pdeb to be about 12 kN, which is about 98% of the debonding length
calculated using the model by Chen and Teng (2001). Although the concrete used in the
study by Carloni et. al. (2017) had a significantly smaller tensile strength than the
concrete in this study, the effective bond length and debonding load determined from the
study can still be compared to the results of this experimental program to provide some
insight into the load response of the specimens in this study.
In this study, the SRP composite strips were fabricated to be 50 mm in width;
thus, there were 24 fibers in each composite strip. The minimum load associated with
rupture of all the steel fibers at once is based on the minimum strength of the fibers (3000
MPa), number of fibers (24), and the area of the fibers (0.538 mm2). This minimum fiber
rupture load was calculated to be 38.74 kN.
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3.4. SPECIMEN FABRICATION
Eight specimens were constructed for this experimental program. Fabrication of
the control specimens is discussed in Section 3.4.1, and fabrication of the anchored
specimens, including the anchorage installation procedure, is discussed in Section 3.4.2.
Lastly, the preparation of specimens for Digital Image Correlation (DIC) analysis is
discussed in Section 3.4.3.
3.4.1. Control Specimens. The concrete prisms were constructed with wood
forms having a width, depth, and length of 125 mm, 125 mm, and 375 mm, respectively
(see Figure 3.6a). Before the concrete was placed, the interior of the formwork was
coated with a thin layer of polyurethane to reduce the likelihood of damage caused by the
moisture in the concrete. The interior of the forms was later oiled with chainsaw oil to
facilitate the removal of the specimens after initial curing. The concrete was cast in the
Civil Engineering Materials Lab in Butler-Carlton Hall at Missouri S&T. Companion
cylinders were cast of the same concrete to determine the material properties (see Section
3.3.1). After initial casting, the prisms and cylinders were cured for 24 hours under wet
towels. They were then removed from their forms and placed in the moist cure room to
cure for more than 28 days. The room temperature of this lab was kept at 15 °C during
the entire curing process. After removing the prisms from the moist cure lab (see Figure
3.6b), the two side (formed) faces of the prism were sandblasted to expose the
aggregates, thereby obtaining a higher surface strength (see Figure 3.6c).
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(a)

(b)

(c)

Figure 3.6. Construction of concrete prisms: (a) wood forms, (b) cured concrete
specimens, and (c) sandblasted prism

The SRP strips were applied to a sandblasted side of the prism using a wet layup
procedure. A layer of primer epoxy was first applied to the surface and left to cure for six
hours. Then, formwork was applied to the prism surface; this controlled the composite
bonded area location and thickness. The forms were made from foam posterboard and
were cut to 125 mm by 510 mm rectangles with a 50 mm by 270 mm rectangle removed
from one end of the rectangle, as shown in Figure 3.7a. For all specimens, the composite
bonded area was 50 mm wide (24 fibers) by 240 mm long; a 30 mm long region of
composite beyond the loaded end was kept unbonded (as shown in Figure 3.5) to
minimize failure of the concrete substrate at the loaded end of the prism. This unbonded
length was created by attaching a thin metal plate to the end of the formwork; the plate
was covered in tape and oiled to ensure it could be removed after the specimens were
cured, and it supported the free end of the SRP composite strip during epoxy curing. The
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composite bonded length was selected to be longer than the estimated effective bond
length of the composite (Zou and Sneed 2020).
After the forms were secured to the face of the concrete prisms, the polymeric
matrix was mixed according to the manufacturer’s recommendations, and a first layer
was applied in the form and along the length of the metal plate. The steel fiber sheets
were cut to the specified dimensions and then applied to the surface of the prism within
the form. The fibers were pressed into the matrix using a small hand trowel to promote
proper bond between the steel fibers and matrix. Finally, a second layer of the matrix was
applied on top of the fibers to prevent fiber pullout from the matrix. After 72 hours, the
forms were removed from the specimens (see Figure 3.7b). The SRP strips were allowed
to harden at least seven days before testing. Two days before testing, aluminum plates
were applied to the gripping end of the SRP strip to disperse the gripping force.

(a)

(b)

Figure 3.7. Construction of SRP composite: (a) epoxy formwork, and (b) completed
specimens
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3.4.2. Anchored Specimens. The specimens with anchors were fabricated
following the same procedure as the control specimens (described in Section 3.4.1), with
modifications for the installation of the anchors. For these specimens, two 20 mm
diameter holes were drilled 25 mm apart into the face of the concrete prism after it was
sandblasted (see Figure 3.8). These holes were drilled at an angle of approximately 90
degrees with respect to the composite bonded length. The location of these holes was
marked prior to drilling by measuring the distance from the loaded end of the composite;
these were marked 80 mm, 160 mm, and 240 mm from the end. All anchor holes were
drilled to a depth of 75 mm. The diameter of the holes was selected to be 20 mm to
accommodate the bundled width of the fibers from the 50 mm (24 fibers) bonded width;
half of the fibers (12 fibers) were bundled and inserted into each of the two holes. After
the holes were drilled, excess dust and debris were removed from the holes with a
compressed air and a shop vacuum.

Figure 3.8. Drilling anchorage holes
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The steel fiber strips were cut to include the full bonded length. For the free
end-anchored specimens, the fiber strips were cut with an additional 50 mm in length,
and the fibers were bent to the desired angle with a crimping tool (see Figure 3.9a). For
the midlength- and loaded end-anchored specimens, an additional 100 mm by 50 mm
length of steel fiber sheet was cut and then bent in half to a 90° angle. For one half the
length of this strip, the fiberglass backing mesh was removed, and the fiber ends were
inserted between the fibers of the full-length sheets (see Figures 3.9b, c).
The same forms used to control the composite bonded area described in Section
3.4.1 were used for fabricating the anchored specimens. The initial matrix layer
application procedure was the same as the control species. However, before applying the
steel fiber layer, some of the matrix was inserted into each of the holes to promote
bonding between the anchors and the concrete substrate. The anchor fibers were then
bundled into two groups and inserted into the holes as the fiber strip was being applied to
the matrix. The anchor fiber bundles were not held together before insertion; they were
simply pushed into the anchor holes. The fibers were pressed in similar fashion as the
control specimens, and then a second layer of the matrix was also applied.
3.4.3. Digital Image Correlation (DIC) Pattern Preparation. After the SRP
composite was sufficiently hardened, the specimens were then prepared for the Digital
Image Correlation (DIC). DIC uses a black-and-white speckled pattern on the surface of
the SRP composite to analyze the strain field of the composite along its entire length
during testing; the process analyzes how the speckled pattern changes over time using a
series of time-lapse photos taken at a regular interval.
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(a)

(b)

(c)
Figure 3.9. Fiber sheets used in anchor construction: (a) bent fiber sheet used to form the
anchors at the composite unloaded end, (b) bent strip of fiber sheet used to form the
anchors along the composite bonded length, and (c) close-up view of bent fiber sheet
strip with fibers inserted through the full-length sheets

In order to achieve this speckled pattern for the DIC analysis, white spray paint
was first applied to the surface of the concrete and composite in two layers; each layer
was set to dry after application. After the base coats of white paint had dried sufficiently,
black spray paint was sprayed into a cup and flicked onto the white surface of the
specimen using a paint brush until the desired speckled pattern was achieved, as shown in
Figure 3.10. The paint was then allowed to dry fully before testing.
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Figure 3.10. Examples of DIC speckled pattern (Specimens DS_240_HS_A-Low_2 and
DS_240_HS_A-Low_1 shown)

3.5. TEST SETUP
Several studies have been conducted to investigate the bond behavior of SRPconcrete joints as discussed in Section 2. The single-lap direct shear test setup has been
used successfully in many of these studies and was adopted for this experimental
program. This section describes the overall test setup, including the geometry and support
conditions, the loading protocol, and data acquisition and instrumentation.
3.5.1. Support Conditions. As previously stated, the near-end supported singlelap shear test setup was implemented in this study. Figure 3.11 shows a graphical
representation of the test setup, and Figure 3.12 shows a photo of the test setup.
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Figure 3.11. Setup of single-lap shear test; front view and side view

Figure 3.12. Test setup
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As shown in Figures 3.11 and 3.12, the concrete prism of each specimen was
supported by a Π-shaped steel frame near the loaded end of the composite. The concrete
specimen was mounted to the base of the servo-hydraulic universal testing machine with
the steel frame, and the steel frame was secured to the base with four steel bolts. Before
the steel frame was fastened tightly to the base, thin metal plates were placed between the
top of the prism and the top section of the frame to uniformly apply pressure to the top
surface of the concrete. Furthermore, aluminum plates for gripping were attached to the
unbonded end of the SRP strip using an epoxy and a bolt in each of the four corners; this
was done to mitigate slippage of the fibers relative to the loading crosshead.
3.5.2. Loading Protocol. The universal testing machine used in this study was the
Landmark MTS machine in the High Bay Structural Engineering Research Lab in ButlerCarlton Hall at Missouri S&T. All specimens were tested under displacement control at a
rate of 0.00084 mm/s, controlled by the average of two LVDT readings (further
discussion below). The specimens were tested until one of the following criteria was
reached: the composite failed by complete detachment, the applied load dropped to zero
(loss of load-carrying capacity), or a certain value of the average slip at the loaded end
(i.e., the “global slip”) was reached in the post-detachment response beyond which the
LVDT readings were no longer reliable. Each specimen was preloaded to approximately
200 N prior to testing; this assisted in checking the alignment of the specimen, verifying
that the unbonded fibers were parallel to the load frame and that there was little to no
eccentricity in the specimen when the test was started.
3.5.3. Data Acquisition and Instrumentation. Five channels of the data
acquisition system were used for each specimen. Direct current-linear variable
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differential transducers (DC-LVDTs) were used on two channels. The load and
machine stroke displacement were recorded by the on-board load cell in the MTS
Landmark testing machine. The final channel determined the displacement control rate
for loading and was an average of the two DC-LVDTs. Data from all channels were
acquired at a rate of two samples per second.
3.5.3.1. Direct current-LVDTs. Direct current-linear variable differential
transducers (DC-LVDTs) with a range of ±0.5 inches were used to monitor the loaded
end slip of the steel fibers relative to the polymeric matrix. The DC-LVDT measurements
were taken by using a thin Ω-shaped metal plate adhered directly to the surface of the
composite sheet. As shown in Figure 3.11, the DC-LVDTs were used to measure the
deflection of each side of the Ω-shaped plate. The Ω-shaped plate was bonded to the
surface of the composite just past the bonded region. This location was selected to reduce
the effect elastic elongation of the fibers had on the measured loaded end slip.
Each DC-LVDT was secured by two threaded nuts on either side of an aluminum
nut serving as a mounting bracket. The brackets were attached to the surface of the
concrete substrate using an adhesive. Care was taken during installation to make sure the
brackets were aligned with the composite strip and the concrete substrate to prevent
misalignment of the DC-LVDTs. For all specimen tests, the LVDTs on the left and right
side of the composite strip are denoted as LVDT 1 and LVDT 2, respectively.
The loading rate of the MTS Landmark machine was controlled based on the
average of the two DC-LVDT readings, which is referred to as the global slip in this
study. The machine applied a load to the composite strip at a rate that would increase this
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average by 0.00084 mm/s, which is consistent with previous research on SRP-concrete
joints (Carloni, et. al 2017, Zou and Sneed 2020).
3.5.3.2. DIC image collection. In addition to the universal testing machine’s data
acquisition during testing, photos were taken at regular intervals during the entire testing
period for Digital Image Correlation (DIC) analysis. DIC was employed on all specimens
to determine the axial strain field along the fiber length on the surface of the composite
and surrounding concrete. The images were taken with a Canon EOS Rebel T100 DSLR
Camera remotely controlled by a computer. With the control program, the camera was
triggered at a selected frequency of 20 seconds. The camera was secured on a tripod
during testing; this limited the movement of the camera during testing and guaranteed
that the difference in images was caused only by the loading of the specimen and its
lowering as the bottom platform moves downward during testing. An example of the
overall test setup with DIC camera is shown in Figure 3.13.
The images were evaluated using the commercial software package GOM
Correlate (GOM 2021). In the program, the full-field displacement of the SRP composite
and the surrounding concrete was obtained by comparing the surface of the specimen at
various loading stages to the undeformed specimen before loading. Using the
mathematical correlation between images of the undeformed and deformed surfaces, the
surface strains were determined after interpolating the displacement contours. The images
were processed considering the origin of the Cartesian axes located at the top left edge of
the specimen face; GOM Correlate accounts for the effect of the specimen moving
downward with respect to the camera’s image field by calculating the strain field based
on the relative displacement of the speckle pattern. The result is a series of pictures for
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each specimen representing the vertical strain contours derived from the twodimensional (2D) DIC analysis.

Figure 3.13. Example test setup with DIC camera
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4. EXPERIMENTAL RESULTS AND DISCUSSION

4.1. OVERVIEW
This section discusses the results of the experimental program. The key test
results are summarized in Section 4.1.1. The general behavior and failure mode of the
specimens are described in Sections 4.1.2 and 4.1.3, respectively. The applied load-global
slip responses are discussed in Section 4.2, and the strain distribution results from the
DIC analysis are presented in Section 4.3. Section 4.4 discusses the influence of test
parameters, and the key findings are summarized in Section 4.5.
4.1.1. Summary of Results. This section summarizes the collected data from the
experimental program. The key results obtained during testing are presented in Table 4.1;
these values include the maximum load Pmax, the global slip (slip at the loaded end of the
composite) corresponding to the peak load gmax, the ultimate (or failure) load Pult, and the
global slip corresponding to the ultimate load gult. The ultimate load corresponds to the
applied load at composite failure; this will be further discussed in Section 4.1.3. The
average values of these data are presented in Figure 4.2.
4.1.2. Specimen Behavior. As discussed in Section 3.5, all specimens were tested
in a single-lap direct shear test set-up. A significant assumption inherent in the test set-up
is that the applied is uniformly distributed across the width of the composite, i.e.,
uniformly distributed among the steel fiber cords. The veracity of this assumption can be
evaluated from the individual LVDT readings (see Figure 3.9), as the load distribution
can be indirectly observed from the readings. While the average of the two LVDT
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readings controlled the test, the individual readings can be used to determine the
symmetry of the loading condition.

Table 4.1. Summary of test results

Specimen ID

Maximum
Load,
Pmax (kN)

DS_240_HD_Control_1

13.95

Global Slip
at
Maximum
Load, gmax
(mm)
2.00

DS_240_HD_Control_2

14.25

0.38

13.58

0.73

1.92

DS_240_HD_A-Low_1

23.62

2.09

23.62

2.09

1.00

DS_240_HD_A-Low_2

23.14

2.45

23.09

2.46

1.00

DS_240_HD_A-Mid_1

27.09

0.88

27.09

0.88

1.00

DS_240_HD_A-Mid_2

27.24

2.79

26.96

3.07

1.10

DS_240_HD_A-High_1

32.57

1.42

29.84

2.29

1.61

DS_240_HD_A-High_2

28.51

0.96

28.51

0.96

1.00

Ultimate
Load, Pult
(kN)

Global Slip
at Ultimate
Load, gult
(mm)

gult /gmax

13.61

2.16

1.08

Table 4.2. Average of test results for each series

Specimen ID

DS_240_HD_Control_1
DS_240_HD_Control_2
DS_240_HD_A-Low_1
DS_240_HD_A-Low_2
DS_240_HD_A-Mid_1
DS_240_HD_A-Mid_2
DS_240_HD_A-High_1
DS_240_HD_A-High_2

Average
Average
Global Slip
Maximum
at Maximum
Load,
Load, ̅̅̅̅̅̅
g 𝒎𝒂𝒙
̅̅̅̅̅̅̅
𝑷𝒎𝒂𝒙 (kN)
(mm)
14.10
(CoV =
0.011)
23.38
(CoV =
0.010)
27.17
(CoV =
0.003)
30.54
(CoV =
0.067)

1.19
(CoV =
0.680)
2.27
(CoV =
0.079)
1.84
(CoV =
0.518)
1.19
(CoV =
0.191)

Average
Ultimate
Load, ̅̅̅̅
Pult
(kN)
13.60
(CoV =
0.001)
23.35
(CoV =
0.011)
27.03
(CoV =
0.002)
29.17
(CoV =
0.023)

Average
Global Slip at
Ultimate Load,
g̅̅̅̅
ult (mm)
1.44
(CoV = 0.493)
2.28
(CoV = 0.080)
1.97
(CoV = 0.552)
1.63
(CoV = 0.407)

Average
gult /gmax,
g̅̅̅̅̅̅̅
ult /g 𝒎𝒂𝒙
1.50
(CoV =
0.282)
1.00
(CoV =
0.002)
1.05
(CoV =
0.048)
1.31
(CoV =
0.234)
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Figures 4.1 and 4.2 show the individual and average LVDT readings versus
time for two specimens, namely DS_240_HD_A-Low_2 and DS_240_HD_A-High_1.
These figures demonstrate how the individual readings compared to the average reading,
which controlled the test. Figure 4.1 compares the LVDT readings for a specimen that
exhibited “good” behavior throughout the test; this is because the difference in the
individual LVDT readings is small, there is only a slight difference in slopes of the
LVDT readings, and the readings do not vary significantly compared to the average. This
shows that the applied load was distributed evenly among the fibers, confirming the
assumption that the applied load is uniformly distributed. Figure 4.2 compares the LVDT
readings for a specimen that did not exhibit good behavior during a portion of the test.
This is because at many instances during testing, the slopes of the two LVDT readings
are different; in fact, there are a few instances in where the LVDT readings cross each
other because of the difference in slopes. This difference in slope shows that the applied
load was not distributed evenly across the width of the composite, causing rotation of the
steel Ω-shaped plate which monitored the global slip. This phenomenon is shown in
Figure 4.3.
Plots of the individual and average LVDT readings for each specimen are
presented in Appendix B; these results were evaluated qualitatively for comparison. All
specimens demonstrate a reasonable relationship between individual LVDT readings and
the average reading. Most specimens exhibited good behavior throughout the duration of
testing; the individual LVDT readings of these specimens were either very close together
for the entire test (such as DS_240_HD_A-Low_2), or they remained relatively parallel
to each other after an initial rotation of the Ω-shaped plate (such as
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DS_240_HD_Control_2). In two specimens (DS_240_HD_Control_1, and
DS_240_HD_A-Mid_1), the reading of one of the LVDTs exhibited little change, while
the reading of the other LVDT increased linearly over time. In these specimens, the
LVDT experiencing little change in readings appeared to be stuck in place and thus its
measurement was considered invalid; as a result, the applied load-global slip response
curve for these specimens is based on the value of the other LVDT. Other specimens
(namely, DS_240_HD_A-Low_1 and DS_240_HD_A-High_2) exhibited large
differences in LVDT readings toward the end of testing, suggesting that the load was
distributed evenly initially until late in testing, where the development of interfacial
cracks or fracture of individual steel cords affected the load distribution and rotation of
the Ω-shaped plate. These evaluations demonstrate that the collected data are reliable; as
a result, the results for all specimens were included for analysis in this study.

3.0

Displacement (mm)

2.5
2.0
1.5
1.0
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0.5
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0.0
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-0.5
0

500

1000
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3500
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Figure 4.1. Comparison of individual and average LVDT readings for a specimen that
exhibited good behavior during loading (DS_240_HD_A-Low_2)
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Figure 4.2. Comparison of individual and average LVDT readings for a specimen that did
not exhibit good behavior during loading (DS_240_HD_A-High_1)

Figure 4.3. Rotation of Ω-shaped plate (Carloni et. al. 2015)

4.1.3. Failure Mode. Each specimen was tested in direct shear to failure; the
criterion for failure primarily consisted of a significant drop in the applied load. Failure in
the control specimens was observed to be debonding of the composite strip from the
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concrete substrate; this is discussed in greater detail in Section 4.1.3.1. The failure
mode exhibited by the anchored specimens, on the other hand, was failure of the steel
fibers in the composite; these specimens also exhibited composite debonding along the
composite bonded length between the anchor and the loaded end. Failure of the anchored
specimens is discussed in greater detail in Section 4.1.3.2.
4.1.3.1. Control specimens. The failure mode of the control specimens (without
anchorage) was characterized by debonding of the composite from the concrete substrate,
which occurred within a thin layer of concrete near the surface. This failure mode is
shown in Figure 2.3 of Section 2. This failure mode is similar to that of FRP-concrete
joints, which is also characterized by composite debonding at the composite-concrete
interface.
As loading increased during testing, cracks oriented in the composite longitudinal
direction along the composite-concrete interface were observed from the sides of the
composite. The interfacial crack began from the loaded end of the composite and
propagated along the bonded length of the composite strip towards the free end as testing
continued. The interfacial crack developed directly beneath the composite strip; thus, it
was difficult to detect during initial stages of testing since the LVDTs limited the view of
the sides of the composite.
Failure of the unanchored specimens was ultimately observed after sudden and
brittle debonding of the composite strip from the concrete substrate. Propagation of the
interfacial crack signified this composite debonding; after the crack reached a certain
point, the composite suddenly debonded from the concrete. Figure 4.4 shows specimen
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DS_240_HD_Control_1 after failure, and Figure 4.5 shows specimen
DS_240_HD_Control_2 after failure.
In both control specimens, a thin layer of concrete was attached to the composite
after failure, which can be seen in Figures 4.4a and 4.5a. The failure for specimen
DS_240_HD_Control_1 shows a portion of the composite strip towards the free end that
experienced failure within the matrix layer; this is shown by the presence of the epoxy
layer on the surface of the concrete and could be due to insufficient epoxy impregnation
during specimen fabrication.
4.1.3.2. Anchored specimens. The failure mode of the anchored specimens was
dependent on the location of the anchors along the length of the composite. The primary
failure mode of all anchored specimens was failure of the steel fibers; this consisted of
rupture of some or all of the steel fibers within the composite (applicable for all anchored
specimens) or debonding of the spike anchor fibers from the composite strip (applicable
for the midlength- and loaded end-anchored specimens). Fiber rupture occurred in the
length of the composite not bonded to the concrete prism; this location varied among
specimens. Furthermore, some amount of debonding of the composite along the bonded
length was observed in the failed anchored specimens. However, this debonding in the
anchored specimens occurred before failure of the specimen and was not the direct cause
of failure. Like the unanchored specimens, failure of these anchored specimens was
sudden and was brittle.
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(a)

(b)

Figure 4.4. Specimen DS_240_HD_Control_1 after failure: (a) concrete prism, (b)
debonded composite strip

(a)

(b)

Figure 4.5. Specimen DS_240_HD_Control_2 after failure: (a) concrete prism, (b)
debonded composite strip
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As the loading increased for the free end-anchored specimens
(DS_240_HD_A-Low_1 and DS_240_HD_A-Low_2), longitudinal interfacial cracks
began to form that were visible on both sides of the composite. Since the anchor distance
for these specimens was much greater than the effective bond length of SRP, the crack
formed once the debonding load for the specimen was reached; this debonding load will
be discussed in greater detail in Section 4.2. After its initial formation at the loaded end,
the interfacial crack propagated toward the free end as the load remained relatively
constant. Once the crack reached the location of the anchor, the composite debonded, and
the steel fibers started taking additional load. At this point of debonding, there was a drop
in the load, demonstrating the change in load resistance from the composite-concrete
interface to the steel fibers. After debonding, the load increased until failure of the fibers
occurred; both specimens in this series experienced steel fiber rupture. When this failure
happened, a significant drop in the load occurred, and testing was automatically
terminated. The failure modes of specimens DS_240_HD_A-Low_1 and
DS_240_HD_A-Low_2 are presented in Figures 4.6 and 4.7, respectively.
As the loading increased for the midlength-anchored specimens (DS_240_HD_AMid_1 and DS_240_HD_A-Mid_2), longitudinal interfacial cracks began to form that
were visible on both sides of the composite. As with the free end-anchored specimens,
the anchor distance for these specimens was greater than the effective bond length of
SRP; as a result, the crack formed once the debonding load for the specimen was reached.
Again, this debonding load will be discussed in greater detail in Section 4.2. Once
formed, the interfacial crack propagated toward the free end; this occurred at a relatively
constant load. The composite debonded once the crack reached the anchor, causing a
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drop in the load; from this point the anchored fibers started to take additional loading
independent of the debonding phenomena. Further loading was controlled by the strength
of the anchored fibers; loading increased until the fibers failed. Specimen
DS_240_HD_A-Mid_2 experienced rupture of steel fibers at failure. Specimen
DS_240_HD_A-Mid_1, on the other hand, experienced slippage of the anchor fibers at
failure; as a result, the fibers of the anchor that were embedded into the composite strip
became separated from the fibers in the strip. At failure, the load dropped significantly,
causing the testing to automatically be terminated. The failure modes of specimens
DS_240_HD_A-Mid_1 and DS_240_HD_A-Mid_2 are presented in Figures 4.8 and 4.9,
respectively.

(a)

(b)

(c)

(d)

Figure 4.6. Specimen DS_240_HD_A-Low_1 after failure: (a) front of specimen, (b) side
view of debonded composite strip, (c) debonded surface of concrete, and (d) full view of
failed specimen
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(a)

(b)

(c)

(d)

Figure 4.7. Specimen DS_240_HD_A-Low_2 after failure: (a) front of specimen, (b) side
view of debonded composite strip, (c) debonded surface of concrete, and (d) full view of
failed specimen

(a)

(b)

(c)

(d)

Figure 4.8. Specimen DS_240_HD_A-Mid_1 after failure: (a) front of specimen, (b) side
view of debonded composite strip, (c) debonded surface of concrete, and (d) full view of
failed specimen
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(a)

(b)

(c)

Figure 4.9. Specimen DS_240_HD_A-Mid_2 after failure: (a) front of specimen, (b) side
view of debonded composite strip, and (c) full view of failed specimen

As the loading increased for the loaded end-anchored (DS_240_HD_A-High_1
and DS_240_HD_A-High_2), longitudinal interfacial cracks began to form on both sides
of the composite. However, unlike the other anchored specimens in this study, the anchor
distance for these specimens was smaller than the estimated effective bond length of
SRP. In this case, the full stress transfer mechanism due to bond could not develop
completely, so after the interfacial crack formed, debonding of the composite between the
loaded end and the anchor occurred, causing the load to transfer to the steel fiber anchors,
which continued to carry the load until failure. The load increased after this point until
failure; both specimens in this series failed due to fiber rupture. The failure modes of
specimens DS_240_HD_A-High_1 and DS_240_HD_A-High_2 are presented in Figures
4.10 and 4.11, respectively.
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(a)

(b)

(c)

Figure 4.10. Specimen DS_240_HD_A-High_1 after failure: (a) front of specimen, (b)
side view of composite strip and fractured fibers, and (c) closer view of fractured fibers

(a)

(b)

(c)

(d)

Figure 4.11. Specimen DS_240_HD_A-High_2 after failure: (a) front of specimen, (b)
side view of composite strip, (c) longitudinal crack in unbonded composite, and (d)
fractured fibers
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4.2. APPLIED LOAD-GLOBAL SLIP RESPONSE
This section presents the applied load vs. global slip (P-g) response for the
specimens in this experimental program. The applied load P is defined as the load applied
to the SRP composite strip from the testing machine. The global slip g is defined as the
average value of the two LVDT readings, which represents the displacement of the
loaded end of the composite relative to the concrete substrate. The applied load-global
slip responses of the control (unanchored) specimens are discussed in Section 4.2.1.
Section 4.2.2 presents the applied load-global slip responses for the anchored specimens.
The individual applied load-global slip response curves for all specimens can be found in
Appendix A.
4.2.1. Control Specimens. The applied load vs. global slip response curves for
the unanchored (control) specimens (DS_240_HD_Control_1 and
DS_240_HD_Control_2) are presented in Figure 4.12.
The load responses of the unanchored specimens are similar in shape, and they
also share similar attributes of the idealized applied load-global slip curve shown in
Figure 2.4. Both responses exhibited an initial linear, rapid increase in load over a small
change in global slip; this is the linear-elastic portion of loading, where it is assumed
crack formation in the composite-concrete interface has negligible effect on the load
response. After this initial linear-elastic portion of loading, the load continues to increase
at a decreasing slope until a relative peak load; this indicates softening of the compositeconcrete interface prior to formation of the interfacial crack. At this relative peak load P*,
which occurs for both specimens at a load of about 13.5 kN, the interfacial crack has
formed, and the load stays at around this load magnitude until failure, with drops in load
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corresponding to propagation of the crack as the stress transfer zone (STZ) moves
along the bonded length of the composite; this plateau is the critical load (Pcrit, see Figure
2.4). For both unanchored specimens, the critical load Pcrit is about 13 kN.
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Figure 4.12. Applied load-global slip response of unanchored specimens
DS_240_HD_Control_1 and DS_240_HD_Control_2

The average values of the maximum load (Pmax), global slip at maximum load
(gmax), ultimate load (Pult), and global slip at the ultimate load (gult) for these specimens
are 14.10 kN, 1.19 mm, 13.60 kN, and 1.44 mm, respectively. As discussed earlier, the
relative peak load P* and critical load Pcrit are about 13.5 kN and 13 kN, respectively.
The average value of Pcrit is about 5-10% larger than the values of debonding load Pdeb
calculated from the formulas by Chen and Teng (2001) for FRP (12.30 kN) and
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determined by Carloni et. al. (2017) for SRP composite with the same fiber density
(12.12 kN). For both unanchored specimens, the composite bonded length is larger than
the effective bond length of HD SRP (90 - 120 mm) discussed in Section 3.3; as a result,
the full stress transfer mechanism could be developed in these specimens, meaning the
debonding load could be achieved in these specimens. The ultimate slip at failure of the
two specimens are significantly different; this difference in could be attributed to
uncontrollable differences in the fabrication of the specimens.
4.2.2. Anchored Specimens. This section presents the applied load-global slip
response curves for the anchored specimens in this experimental program.
4.2.2.1. Free end-anchored specimens. The applied load-global slip response
curves for the free end-anchored specimens (DS_240_HD_A-Low_1 and
DS_240_HD_A-Low_2) are presented in Figure 4.13.
The load responses of the free end-anchored specimens are similar in shape. At
the beginning of loading, the load increased at an approximately constant slope, similar to
the initial linear response of the control (unanchored) specimens. After this initial linear
response, the load continues to increase at a decreasing slope up to a relative peak load.
After reaching this point in the load response, the load decreases slightly, indicating the
formation of interfacial cracks at the loaded end. After formation of the crack, the load is
relatively constant as the STZ moves toward the anchor; drops in the load in this region
indicate the propagation of the interfacial crack along the composite length. The relative
peak load is about 20 kN for both specimens, and the critical (plateau) load is at about the
same load; both are greater than the critical load of the unanchored specimens discussed
in Section 4.2.1 (about 14 kN). This demonstrates that the presence of the anchors
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contributes to the debonding strength of the composite. For these specimens, the
anchor distance is 240 mm; this is larger than the effective bond length of HD SRP
composites, meaning the full stress transfer mechanism due to bond could be developed,
and the debonding load could be reached. For both specimens, the load plateau occurs
until a global slip of about 1.0 mm.
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Figure 4.13. Applied load-global slip response of free-end anchored specimens
DS_240_HD_A-Low_1 DS_240_HD_A-Low_2

Once the crack (and thus, the STZ) has reached the location of the anchor, there is
a sudden drop in the load; this corresponds to debonding of the composite length between
the loaded end and the anchors. At this point, only the steel fiber anchors continue to
carry the load, and there is an approximately linear increase in load until failure; failure
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of these specimens is characterized by steel fiber failure. While specimen
DS_240_HD_A-Low_2 demonstrates this linear response between debonding and failure,
the response in this region for specimen DS_240_HD_A-Low_1 exhibits two linear
response regimes with different slopes; this could be due to rupture of one or more of the
fibers during loading. The ultimate load of both specimens was about 2.5 kN above the
critical (plateau) load.
The average values of the maximum load (Pmax), global slip at maximum load
(gmax), ultimate load (Pult), and global slip at the ultimate load (gult) for these specimens
are 23.38 kN, 2.27 mm, 23.35 kN, and 2.28 mm, respectively. The average value of Pult is
about 60% of the load associated with the tensile strength of the fibers calculated in
Section 3.3 (38.74 kN). This suggests that failure was initiated either by premature
rupture of individual fibers caused by uneven loading or debonding of the anchor fibers
from the composite strip
4.2.2.2. Midlength-anchored specimens. The applied load-global slip response
curves for the midlength-anchored specimens (DS_240_HD_A-Mid_1 and
DS_240_HD_A-Mid_2) are presented in Figure 4.14.
The load responses of the midlength-anchored specimens are similar in shape, and
they share similar characteristics of the load responses of the free end-anchored
specimens previously discussed in Section 4.2.2.1. During the initial loading stage, the
load increases approximately linearly. After this initial linearity in the load response for
specimen DS_240_HD_A-Mid_1, there is a relative plateau in the load, similar to the
free end-anchored specimens. However, specimen DS_240_HD_A-Mid_2 exhibits an
increase in load at a gradually decreasing slope. This region in each specimen
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corresponds to the formation and propagation of the interfacial crack from the loaded
end to the anchor; the STZ is fully developed and moves toward the anchor. The load at
the end of this plateau region is about 20 kN; this is similar to the critical load of the free
end-anchored specimens discussed in Section 4.2.2.1 and is greater than the critical load
of the unanchored specimens (about 14 kN). Again, this demonstrates that the anchor
increased the debonding strength of the composite. The anchor distance for these
specimens is about 160 mm, which is larger than the effective bonded length of HD SRP
composites. Like with the free end-anchored specimens, this means that the full stress
transfer mechanism could be reached in this region of the composite, meaning that the
debonding load could be reached. The plateau region for both specimens occurs until a
global slip of about 0.5 mm; this is about half of the global slip for the free end-anchored
specimens. This demonstrates that as the anchor distance decreases, the smaller distance
the fully developed STZ moves along the composite length; this corresponds to a
reduction in the slip associated with this propagation of the STZ.
Once the crack has reached the anchor, there is a sudden drop in the load, same as
the free end-anchored specimens; again, this corresponds to full debonding of the
composite, and the steel fiber anchors carry the load. The load continues to increase
approximately linearly until failure, which is characterized by fiber failure in both
specimens. Specimen DS_240_HD_A-Mid_1 experiences this linear load response until
close to the end, where there is a short and sudden load drop; this is likely due to the
rupture of one or more fibers prior to failure. Specimen DS_240_HD_A-Mid_2, on the
other hand, displays two linear regimes of differing slopes between debonding and
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failure; this could be due to rupture of one or more fibers during testing. The ultimate
load of both specimens was about 7.5 kN larger the critical (plateau) load.

30

Applied Load, P (kN)

25

20

15

10
DS_240_HD_A-Mid_1

5

DS_240_HD_A-Mid_2
0
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

Global Slip, g (mm)

Figure 4.14. Applied load-global slip response of middle anchored specimens
DS_240_HD_A-Mid_1 and DS_240_HD_A-Mid_2

The average values of the maximum load (Pmax), global slip at maximum load
(gmax), ultimate load (Pult), and global slip at the ultimate load (gult) for these specimens
are 27.17 kN, 1.84 mm, 27.03 kN, and 1.97 mm, respectively. The average value of the
ultimate load was about 70% of the load associated with the fiber tensile strength
calculated in Section 3.3 (38.74 kN). This again suggests that failure was initiated either
by premature rupture of single fibers or debonding of the anchor fibers from the
composite strip.
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4.2.2.3. Loaded end-anchored specimens. The applied load-global slip
response curves for the loaded end-anchored specimens (DS_240_HD_A-High_1 and
DS_240_HD_A-High_2) are presented in Figure 4.15.
The load responses of the loaded end-anchored specimens are similar in shape. At
the beginning of loading, the load increased approximately linearly, similar to the initial
response of the other specimens in this experimental program. However, unlike the other
anchored specimens, there is no load plateau after the initial linear-elastic loading region,
and there is little to no drop in the load. This is because the anchor distance is about 80
mm, which is less than the estimated effective bond length; as a result, the full stress
transfer mechanism could not be fully developed, and the debonding load could not be
reached. In these specimens, debonding occurs abruptly at the end of the initial linear
load response region; there is no initial crack formation and propagation prior to
debonding. The change in load response occurs at a load of approximately 20 kN for both
specimens; this is similar to the critical loads of the other anchored specimens,
demonstrating that most of the stress transfer mechanism is developed. Thus, the
effective bond length is close to 80 mm, confirming the discussion of the effective bond
length in Section 3.3. Debonding occurs in both specimens at a global slip of about 0.2
mm, demonstrating further that decreasing the anchor distance decreases the global slip
associated with composite debonding.
At debonding, the steel fiber anchors continue to carry the load; the load
continues to increase approximately linearly from the debonding point until failure.
Failure of these specimens is characterized by failure of the steel fibers. Additionally,
both specimens exhibit drops in the load during this region of loading; this is likely due to
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premature rupture of one or more fibers prior to failure. Specimen DS_240_HD_AHigh_1 experiences a linear response from debonding to rupture, and after each drop in
load, the slope decreases slightly, which is associated with the reduction in composite
stiffness due to fracture of some of the fibers. This also occurs in specimen
DS_240_HD_A-High_2, but at a global slip of about 1.0 mm, the slope of the response is
considerably shallower, and it retains this slope until failure, despite further load drops.
The ultimate load of both specimens was about 10 kN larger than the debonding load.
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Figure 4.15. Applied load-global slip response of loaded end-anchored specimens
DS_240_HD_A-High_1 and DS_240_HD_A-High_2

The average values of the maximum load (Pmax), global slip at maximum load
(gmax), ultimate load (Pult), and global slip at the ultimate load (gult) for these specimens
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are 30.54 kN, 1.19 mm, 29.17 kN, and 1.63 mm, respectively. The average of Pult is
about 75% of the load associated with the tensile strength of the fibers as calculated in
Section 3.3 (38.74 kN). This suggests that failure was initiated by premature rupture of
single fibers, possibly caused by an uneven load distribution in the composite.

4.3. DIC RESULTS OF STRAIN DISTRIBUTION
This section summarizes the results of the Digital Image Correlation (DIC)
analysis for each series of specimens in the experimental program. The series of pictures
for each specimen present the change in strain distribution over time as the specimen is
loaded; from these images, a deeper understanding of load response can be acquired
when compared to the load response of the specimen. The DIC image results presented in
this section are intended to be viewed in a qualitative manner and are used to provide a
general understanding of the stress transfer along the different regions of the bonded
composite. Furthermore, since the images were taken far apart (intervals of 20 s), the
images only capture global trends in the stress transfer. It should be noted that the DIC
image results of only one specimen in each series is presented in this section; this is
because the DIC results of the counterpart specimens in each series were of significantly
lower quality than the ones presented in this section, providing less information about the
specimen load response. The specimens presented in this section are
DS_240_HD_Control_1, DS_240_HD_A-Low_1, DS_240_HD_A-Mid_2, and
DS_240_HD_A-High_1. For each specimen represented in the following sections, DIC
images corresponding to certain times of testing were collected and presented in a series
displaying the time variation of the strain distribution. Markers were then added to the
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applied load-global slip curves corresponding to these determined times to correlate
the pictures to points in the loading. Section 4.3.1 presents the DIC results of the control
(unanchored) series, and Section 4.3.2 presents the DIC results of the anchored
specimens. The DIC results of the four specimens presented in this section and for three
specimens with low-quality DIC results are presented in Appendix C.
4.3.1. Unanchored Specimens. Figure 4.16 presents the comparison of the DIC
analysis results with the load response for the unanchored specimen
DS_240_HD_Control_1. The DIC results for this specimen demonstrate the progressive
debonding of the unanchored specimen. Time t = 200 s on the graph occurs after the
initial linear loading portion, in the region when the first cracks are beginning to form;
this is corroborated by the presence of a region of higher strain near the top of the DIC
image (loaded end of the composite) at 200 s. At 400 and 500 seconds on the graph, the
interfacial crack is propagating along the bonded length; the images for these times
demonstrate this by the presence of additional regions of higher strain below the first
region. After 500 seconds, the load increases slightly as the interfacial crack propagates
toward the unloaded end, which is represented by the increase of strain in the high-strain
regions and the formation of new high-strain regions in the DIC images after 500
seconds. It can be observed that these regions of higher strain shown in the DIC images
all propagate from the right side of the composite; this could be a result of stress
concentrations on the composite due to eccentric loading of the specimen.
4.3.2. Anchored Specimens. This section presents the DIC analysis results and
comparison to the corresponding applied load-global slip response of the anchored
specimens in this experimental program.
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Figure 4.16. Correlation of DIC results with load response for specimen
DS_240_HD_Control_1: (a) load response curve with markers, and (b) DIC images of
strain distribution corresponding to markers
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4.3.2.1. Free end-anchored specimens. Figure 4.17 presents the comparison
of the DIC analysis results with the load response for one of the free end-anchored
specimens (DS_240_HD_A-Low_1). The DIC results for this specimen demonstrate the
progressive debonding of the free end-anchored specimen as well as the elongation of the
composite after debonding has occurred. Time t = 300 s on the graph occurs after the
initial linear loading portion. The DIC results show the presence of a region of higher
strain near the top of the DIC image (loaded end of the composite) at 300 s. Between 500
and 900 seconds, the load increases significantly, corresponding to the presence of
several high-strain regions within the top half-portion of the DIC image at that 900 s.
Time t = 1000 s occurs shortly after the load drop corresponding to debonding of the
composite; new higher-strain regions in the bottom half-portion of the DIC image at 1000
s can be observed, as well as the increase in the strain in the already-existing high-strain
regions. After time t = 1000 s, the load increases approximately linearly until failure; in
this loading segment, the strains in the composite continue to increase, corresponding to
the elongation of the steel fibers in the composite sheet.
It can be observed from the DIC images that the regions of higher strain in this
specimen all propagate from about the center of the width of the composite; this indicates
even distribution of the load across the composite.
4.3.2.2. Midlength-anchored specimens. Figure 4.18 presents the comparison of
the DIC analysis results with the load response for one of the midlength-anchored
specimens (DS_240_HD_A-Mid_2). The DIC results for this specimen demonstrate the
progressive debonding of the midlength-anchored specimen as well as the elongation of
the composite after debonding has occurred. Time t = 600 s on the graph occurs after the
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initial linear loading portion, in the region where the first cracks are beginning to form;
this is verified by the presence of a region of higher strain near the top of the DIC image
at 600 s. At about 800 seconds, the load has dropped due to localized debonding of the
composite; this is demonstrated by the presence of a band of high strain at about the
middle of the DIC image at 800 seconds. After 800 s, the load increases approximately
linearly until failure; in this loading segment, the strains in the composite continue to
increase, corresponding to the elongation of the steel fibers in the composite sheet. There
is a region of negligible increase in strain between regions of high strain around the
midlength of the specimen images from 1400 s to the end of loading; this corresponds to
the section of SRP composite that is effectively double-layered due to the presence of the
anchor fibers that are embedded with the composite strip. The DIC results also show an
increase in strain in the bonded region beyond the anchors; this suggests that the portion
of the bonded composite between the anchor and the free end contributes somewhat to
the stress transfer of the load after composite debonding.
It can be observed from the DIC images that the regions of higher strain in this
specimen all propagate from about the width of the composite; this indicates that the load
was evenly distributed to the entire width of the composite, and there was little to no
eccentricity in the loading.
4.3.2.3. Loaded end-anchored specimens. Figure 4.19 presents the comparison
of the DIC analysis results with the load response for one of the loaded end-anchored
specimens (DS_240_HD_A-High_1). The DIC results for this specimen demonstrate the
progressive debonding of the loaded end-anchored specimen as well as the elongation of
the composite after debonding has occurred. It should be noted that for this specimen, the

74
DIC image results for the last about 500 seconds were of poor quality; thus, DIC
images are not included for this last segment of loading. Time t = 300 s on the graph
occurs at the point of debonding in the specimen; this is verified by the presence of
regions of higher strain near the top of the image at 300 s. There is also a band of high
strain near the location of the anchor at 300 s; this further demonstrates that debonding
has occurred in the composite length between the loaded end and the anchor. After the
debonding at 300 s, the load increases approximately linearly until failure; this
demonstrated by the increase in strains in the tops of the DIC images from 300 s to the
end of loading. There is a region of negligible increase in strain between the regions of
high strain at the top and midlength of the specimen images from 300 s to the end of
loading; this corresponds to the section of SRP composite that is effectively doublelayered due to the presence of the anchor fibers that are embedded with the composite
strip.
It can be observed from the DIC images that the regions of higher strain in this
specimen all propagate from about the center of the width of the composite; this indicates
that the load was evenly distributed to the entire width of the composite, and there was
little to no eccentricity in the loading.
In all the DIC images after the first, most of the bottom half of the composite
strip, beyond the anchors, displays high strains. It can be observed that most of this highstrain region does not change significantly before 1400 s; however, there is a region of
high strain that forms in the bottom half of the specimen at about t = 1400 s and increases
over time to t = 2200 s. This suggests that the portion of the bonded composite between
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the anchor and free end contributes somewhat to the stress transfer of the load after
composite debonding.
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Figure 4.17. Correlation of DIC results with load response for specimen DS_240_HD_ALow_1: (a) load response curve with markers, and (b) DIC images of strain distribution
corresponding to markers
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Figure 4.18. Correlation of DIC results with load response for specimen DS_240_HD_AMid_2: (a) load response curve with markers, and (b) DIC images of strain distribution
corresponding to markers
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corresponding to markers
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4.4. INFLUENCE OF TEST VARIABLES
This section presents a comparison of the experimental results in order to
demonstrate the influence of the variables tested in this experimental program. The varied
parameters in this study were the presence of an anchorage system and the location of the
anchorage. The specimens were compared on the basis of average peak load capacity,
̅̅̅̅̅
P
g ult and applied load-global slip response. Average
max , average ultimate global slip, ̅̅̅̅,
values of the measured parameters are summarized in Table 4.2.
4.4.1. General Effect of Anchorage System. Specimens tested in this
experimental program included specimens without anchors and specimens with anchors
in various positions along the length of the composite. A comparison of the influence of
anchors and anchor position on the average peak load and ultimate global slip is
presented in Table 4.3. It can be observed that the anchored SRP specimens exhibited a
significantly greater peak load capacity compared to the unanchored specimens.
Furthermore, the ultimate global slip (at failure) of the anchored specimens was greater
than the ultimate global slip of the unanchored specimens. These increases in peak load
and ultimate global slip demonstrate that adding spike-shaped fiber anchors to an SRP
composite system can improve the ductility and strength capacity of the compositeconcrete interface. A more detailed discussion of how anchor location impacts the peak
load and global slip is presented in Section 4.4.2.
A comparison of the applied load-global slip curves for all specimens is presented
in Figure 4.20. It can be observed from this figure that anchors provide a varied effect on
the load response of the specimens. It has already been discussed that anchors improve
the peak load capacity and ultimate global slip in the load response. However, the
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anchors do not provide a consistent effect on the load response; how the load response
of the anchored specimens differs with that of the unanchored specimens depends on the
location of the anchors. The effect of anchor location on the applied load-global slip
response is discussed in greater detail in Section 4.4.2.

Table 4.3. Influence of anchor position on average peak load and ultimate global slip
Distance of Anchor
from Loaded End La
N/A
80
160
240

Pmax/Pmax,control

gult/gult,control

1.00
2.17
1.93
1.66

1.00
1.13
1.37
1.58

4.4.2. Effect of Anchor Location. Specimens with anchors at three anchor
locations along the length of the composite were tested in this study; two specimens had
anchors at the free (unloaded) end of the composite (La = 240 mm), two had anchors
close to the loaded end of the composite (La = 80 mm), and two had anchors halfway
between the two other anchor positions (La = 160 mm). It can be seen from Table 4.3 that
the location of the anchors directly affects the peak load and the ultimate global slip at
failure. Furthermore, comparing the applied load-global slip response curves of the
anchored specimens as shown in Figure 4.20 demonstrates that the anchor location also
has an effect on the load response.
As discussed in Section 4.4.1, the presence of anchors significantly increases the
average peak load capacity of SRP specimens; a load increase of at least 66% was
observed in all anchored specimens relative to the unanchored specimens. Furthermore,
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Table 4.3 shows that the location of the anchors significantly affects the average peak
load; as the anchor distance decreases, the increase in peak load capacity increases from
66 to 117%. This demonstrates that decreasing the anchor distance increases the
utilization of the steel fibers in carrying the load. This could be attributed to what was
observed from the DIC analysis: for the specimens with anchors away from the free end,
the bonded length beyond the anchors is engaged in resisting the load. Thus, this portion
of the bonded length could contribute to the load capacity of the anchored specimen.
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It was also discussed in Section 4.4.1 that the presence of anchors improves the
ultimate global slip of SRP specimens at failure; an increase in ultimate global slip of at
least 13% was observed in all anchored specimens relative to the unanchored specimens.
Table 4.3 also shows that the anchor location has an effect on the ultimate global slip; as
the anchor distance decreases, the increase in ultimate global slip decreases from 58% to
13%. This demonstrates that decreasing the anchor distance increases the utilization of
the steel fibers in resisting slip during load transfer. This is because the length of the
composite (and thus, the fibers) between the anchors and loaded end is reduced, which is
where most of the global slip occurs in anchored specimens.
In Section 4.4.1, it was discussed that the presence of anchors had a varied effect
on the applied load-global response SRP specimens. However, the location of the anchors
does have an effect on the load response of the specimens and is based on the
development of the stress transfer zone (STZ) in the composite between the anchor and
loaded end. For anchored specimens where the anchor distance is greater than the
effective bonded length, the full stress transfer mechanism will be developed, and
interfacial crack formation and propagation will occur. In this case, as the crack
propagates from the loaded end to the anchor, the load will remain relatively constant
until the composite completely debonds from the concrete interface. For anchored
specimens where the anchor distance is less than the effective bonded length, the full
stress transfer mechanism due to bond will not be developed. For these specimens in this
study, debonding occurred at approximately the same load as in the other anchored
specimens; thus, it can be inferred that the anchor distance was slightly shorter than the
effective bond length. Furthermore, as the anchor distance decreased, the global slip
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associated with composite debonding decreased: for the free end-anchored specimens,
this debonding slip was about 1.0 mm; for the midlength-anchored specimens, the
debonding slip was about 0.5 mm; and for the loaded end-anchored specimens, the
debonding slip was about 0.2 mm. After debonding of the composite between the anchor
and loaded end, all anchored specimens exhibited a continued increase in load until
failure; this is because the load was transferred to the steel fibers after rupture of the
composite-concrete interface. This load increase is approximately linear, and the ultimate
failure load of the anchored specimens depended on the location of the anchor: the free
end-anchored specimens exhibited a failure load about 2.5 kN above the critical load,
while the loaded end-anchored specimens exhibited a failure load about 10 kN above the
critical load.

4.5. SUMMARY OF KEY FINDINGS
Based on the experimental results and analysis presented in Section 4.1 through
Section 4.4, the following summarizes the key findings of the experimental program:
1. The unanchored (control) specimens failed due to SRP-concrete
debonding. Failure of the anchored specimens, on the other hand, was
characterized by failure of the steel fibers. Fiber failure consisted of two
failure types: fracture of one or more of the fibers in the composite, or
debonding of the anchor fibers in the composite.
2. The anchorage system can substantially increase the peak load of the SRPconcrete joint with respect to the unanchored specimens; to be specific, the
closer the anchor is to the loaded end, the greater the average peak load.
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Specimens with anchors at the free end of the composite strip exhibited
an average of 66% increase in load, while specimens with anchors closest
to the loaded end exhibited an average of 117% increase in load.
3. The anchorage system also increases the global slip of the SRP-concrete
joint at failure with respect to the unanchored specimens. Furthermore, the
closer the anchor is to the loaded end, the smaller the ultimate global slip.
Specimens with anchors at the free end of the composite strip exhibited an
average of 58% increase in ultimate global slip, while specimens with
anchors closest to the loaded end exhibited an average of 13% increase in
ultimate global slip.
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5. SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

5.1. SUMMARY
This study examined the effect of spike-shaped fiber anchors on the bond
behavior of steel reinforced polymer (SRP) composites externally bonded to concrete.
SRP composites have become a focus of research in recent years because of the
increasing need for retrofit and repair systems for reinforced concrete structures. Failure
of fiber reinforced polymer (FRP) composites has been characterized by debonding of the
composite from the concrete surface. Failure of SRP composites has also been
characterized by interfacial debonding as well as rupture of the steel fibers. Previous
studies have investigated the use of various end-anchorage systems to improve the bond
behavior of FRP composites; this research provided the basis for this experimental
program. According to the author’s knowledge, there is no literature on anchorage
systems for SRP composites. The goal of this study was to develop and investigate a
spike-shaped fiber anchorage system for SRP that will effectively improve the bond
performance of externally bonded SRP composites; this would include increasing the
capacity and ductility of the system and possibly mitigating the debonding phenomenon.
The composite studied in this experimental program consisted of steel fibers
embedded in a polymeric matrix applied to a concrete prism via a wet layup method.
Additionally, spike-shaped anchors were implemented in many of the specimens by
inserting bundles of the steel fibers into pre-drilled holes in the concrete prism. Eight
single-lap direct shear specimens were tested as a part of this experimental program: two
specimens were fabricated without any anchors in the composite, and the remaining six
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specimens were fabricated with anchors in the composite. Three anchor locations were
investigated in this experimental program: these locations were at the free (unloaded)
end, midlength, and loaded end of the composite. Each specimen included a single layer
fiber strip with the same fiber density. The bonded length of the composite in each
specimen was 240 mm, and the bonded width was 50 mm (24 fibers). Data collected and
presented for each specimen in this investigation included the applied load-global slip
relationship, which was recorded by the loading machine on which the specimens were
tested, and the strain distribution over time, which was measured qualitatively via Digital
Image Correlation (DIC) methods. Results were compared on the basis of peak load
capacity, ultimate global slip, and general specimen load response.

5.2. CONCLUSIONS
Based on the results of this study, the following conclusions can be made:
1. While the unanchored (control) SRP specimens exhibited a primary failure
mode of debonding, the anchored specimens exhibited failure
characterized by failure of the steel fibers in the composite. This fiber
failure consisted of steel fiber rupture in the composite or debonding of the
anchor fibers in the composite.
2. The presence of the spike-shaped anchors can considerably increase the
peak load capacity of the SRP-concrete joint when compared to the
unanchored specimens. The load increase was the smallest when the
anchor was at the free (unloaded) end (a 66% increase), and it was the
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greatest when the anchor was near the loaded end of the composite (a
117% increase).
3. The presence of the spike-shaped anchorage system also increases the
global slip of the SRP-concrete joint when compared to the unanchored
specimens. The increase in global slip was the greatest when the anchor
was at the free (unloaded) end (a 58% increase), and it was the smallest
when the anchor was near the loaded end of the composite (a 13%
increase).

5.3. RECOMMENDATIONS FOR FUTURE WORK
The topic of anchorage of SRP composites has not been extensively reported in
the available literature. This thesis work provides an introductory study on the effect of
spike-shaped anchors on the bond behavior of SRP composites. However, there are still
many aspects of this topic that need to be investigated in order to have a complete
understanding of the effect of spike-shaped anchors on SRP composites. Accordingly, the
following are recommendations for future work:
1. Two specimens of each series (unanchored and three anchor locations)
were tested in this experimental program. Additional tests should be
performed on similar specimens to validate the results of this study and
account for experimental scatter.
2. In this study, only three anchor locations were investigated. Further
investigation is necessary to determine to what extent the presence of
spike-shaped anchors affects the bond performance of the composite. In
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particular, it should be investigated if there is a distance from the loaded
end below which the presence of a spike-shaped anchor does not improve
the bond behavior.
3. Only one steel fiber density (high density) for SRP was investigated in this
study. The effect of fiber density on the bond behavior should be
investigated. It is possible that changing the density of the fibers can affect
the failure mode of the SRP composite.
4. The angle at which the anchor was drilled and inserted into the concrete
prism was not considered in this study. Future studies should investigate
how the angle of inclination of the anchor affects the bond behavior.

APPENDIX A.
INDIVIDUAL APPLIED LOAD-GLOBAL SLIP RESPONSE CURVES
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OVERVIEW
This appendix presents graphs of the applied load-global slip responses for each
specimen included in this experimental program. These load response curves are the
same as those presented in Section 4.2 of this thesis, namely in Figures 4.12 to 4.15. The
figures presented in Section 4.2 display the load responses of replicate specimens in each
series (i.e., unanchored and anchored in three different locations); the load response curve
of each specimen is individually presented in this appendix as separate figures for further
examination and comparison.
It should be noted that in the testing of all specimens, the load machine was
programmed to terminate the loading once there was a significant change in the LVDT
readings; this dramatic change in readings could be caused by rupture of the fibers,
debonding of the anchor fibers, or by the Ω-shaped plate breaking off the composite
surface at failure. As a result, the load response curves presented in this thesis present the
response of each specimen up to failure; the unloading response is not presented in any of
these figures.
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Figure A.1. Applied load-global slip response for specimen DS_240_HD_Control_1
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Figure A.2. Applied load-global slip response for specimen DS_240_HD_Control_2
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Figure A.3. Applied load-global slip response for specimen DS_240_HD_A-Low_1
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Figure A.4. Applied load-global slip response for specimen DS_240_HD_A-Low_2
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Figure A.5. Applied load-global slip response for specimen DS_240_HD_A-Mid_1
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Figure A.6. Applied load-global slip response for specimen DS_240_HD_A-Mid_2
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Figure A.7. Applied load-global slip response for specimen DS_240_HD_A-High_1
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Figure A.8. Applied load-global slip response for specimen DS_240_HD_A-High_2

APPENDIX B.
INDIVIDUAL LVDT READINGS
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OVERVIEW
This appendix presents the individual and average LVDT readings of all
specimens tested in this experimental program as discussed in Section 4.1.2. These
graphs provide insight into the distribution of loading on the composite strip during
testing: where the individual LVDT readings are progressing at about the same slope,
there is negligible rotation of the Ω-shaped plate, and it is understood that the load is
being evenly distributed across the width of the composite; but where the individual
LVDT readings progress at clearly different slopes, there is significant rotation of the Ωshaped plate, and it is understood that there is some eccentricity in the loading across the
composite. The exceptions to these observations are specimens DS_240_HD_Control_1
and DS_240_HD_A-Mid_1; in these specimens, one of the LVDTs became stuck early
on in testing, so the loading was essentially dictated by the movement of the only other
LVDT for the specimen. In these specimens, the applied load-global slip curves presented
in Section 4.2 (and Appendix A) are based on a global slip value equal to the values of
the working LVDT reading only, and the values of the other LVDT were disregarded.
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Figure B.1. LVDT Readings for specimen DS_240_HD_Control_1 (LVDT 1 disregarded
due to measurement error)
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Figure B.2. LVDT Readings for specimen DS_240_HD_Control_2
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Figure B.3. LVDT Readings for specimen DS_240_HD_A-Low_1
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Figure B.4. LVDT Readings for specimen DS_240_HD_A-Low_2
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Figure B.5. LVDT Readings for specimen DS_240_HD_A-Mid_1 (LVDT 1 disregarded
due to measurement error)
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Figure B.6. LVDT Readings for specimen DS_240_HD_A-Mid_2
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Figure B.7. LVDT Readings for specimen DS_240_HD_A-High_1
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Figure B.8. LVDT Readings for specimen DS_240_HD_A-High_2

APPENDIX C.
STRAIN DISTRIBUTION RESULTS FROM DIGITAL IMAGE CORRELATION
(DIC) ANALYSIS
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OVERVIEW
This appendix presents the results of the Digital Image Correlation (DIC) analysis
for most of the specimens in the experimental program. The series of pictures for each
specimen present the change in the strain distribution over time during specimen loading;
the DIC images and their respective analysis should only be viewed qualitatively. These
images provide a general understanding of the load response and stress transfer of the
specimen when compared to its load response curve as presented in Section 4.2 and
Appendix A.
This appendix includes the DIC results for three of the specimens that were not
presented in Section 4.3. As discussed in Section 4.3, these DIC results were of
considerably lower quality. This was attributed to the fact that the DIC software was not
able to establish an adequate initial state of the specimen reference grid; thus, these DIC
results included holes in the data as well as speckles of strain distributions, which likely
did not actually occur in the specimen. It should be noted that the DIC results for
specimen DS_240_HD_A-Low_2 are not presented in this appendix; this is because the
DIC software was not able to provide any image results due to the aforementioned
problems in analysis. The images selected for these specimens with lower-quality DIC
results were the images with the best quality for presentation, and do not correlate to
predetermined points on the specimen’s load-response curve.
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Figure C.1. DIC image results for specimen DS_240_HD_Control_1

Figure C.2. DIC image results for specimen DS_240_HD_Control_2
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Figure C.3. DIC image results for specimen DS_240_HD_A-Low_1

Figure C.4. DIC image results for specimen DS_240_HD_A-Mid_1
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Figure C.5. DIC image results for specimen DS_240_HD_A-Mid_2

Figure C.6. DIC image results for specimen DS_240_HD_A-High_1

105

Figure C.7. DIC image results for specimen DS_240_HD_A-High_2
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